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Abstract

Abstract
In this work, the application of statistical coupling analysis in a kind of transmembrane
protein, Aquaporin, is studied. The major objective of this work is to discover potential
correlated residues in E. coli AqpZ involved in molecular selectivity and permeability.
Mutating such residues would introduce glycerol permeability to the protein. To obtain this
goal, SCA technique combined with network analysis and 3D structural analysis are
employed for critical position identification. MD simulation is also used for verifying the
accuracy of prediction. This work also applies SCA technique in AQP evolutionary study
as well as butelase 1/ligase-related study. To further understand the details of AQP, MD
simulation on characteristics of phospholipid bilayer and vesicle is conducted.
This research performs SCA analysis on a treated database and establishes corresponding
networks according to SCA scores. A set of potential correlated positions are identified
through combination analysis of network and molecule structure. Simulation is conducted
to approve the correctness of this co-mutation sites prediction. SCA is also shown to be
applicable in phylogenetic categorization and to help to find important positions related to
the AQP evolutionary process between higher and lower animals. Meanwhile, SCA
technique is also demonstrated to allocate critical residues in butelase 1 for ligation
catalysis.
The findings of this research show the application of SCA technique in bioinformatic
research and imply the significance of correlated residues in proteins besides highlyconserved ones. It will be promising to use SCA to allocate critical residues for diseases in
AQP family and the research into many other protein families as well.
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Chapter 1
Introduction
The current bioinformatics research of proteins usually focuses on the highly
conserved sites, but neglect the less conserved co-evolved sites. Statistical
coupling analysis is a powerful biotechnological tool for discovering
correlated residues in proteins. This chapter presents a brief overview of
orthodox alignment strategy, statistical coupling strategy and network theory.
It also calls for a better understanding of the molecule selectivity of aquaporin
family protein in the evolutionary perspective. The rationale of choosing
aquaporin as the objective is provided. An overview of the structure of the
whole dissertation is given afterwards.
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1.1 Hypothesis
Point-mutation and co-mutation are conventional techniques which are widely employed
in proteomic/genetic investigation and protein design. However, to ascertain the mutation
site is always a challenging process. Without lots of works in bioinformatics research,
identifying the mutation site for the purpose of protein dysfunction or introduce new
function requires a massive effort in trial and error tests.
Nowadays, one of the most popular bioinformatic techniques in protein design is multiple
sequence alignment, which normally aligns a large number of protein sequences to identify
conserved residues and motifs highly related to protein functions and structures that give
evolutionary relationships for protein family/superfamily. Many researchers have
developed plenty of algorithms and tools to confine the alignments and dig information
from the them as much as possible.
The technique of multiple sequence alignment (referred as MSA herein after) is no doubt
successful and has broad application (1). Nevertheless, it has its own natural deficiency.
The alignment alone would only give information about single reserved residues or motifs,
but lack of any information as to how the other residues evolve with the variation of one
specific site – coupled mutation. In many cases of manipulating protein functions by point
mutations, after identifying the critical residues by MSA of related protein families,
mutation of only these residues could not achieve the expected result. Some other residues,
may affect the physical or chemical properties of these critical residues indirectly, although
not located close to them in secondary or tertiary structure. The protein itself could be
considered as a complex system where the residues are the basic elements. The mutual
relationships between residues or residue clusters, including physical, chemical and
evolutionary connections, play significant roles in protein function and structure. Hence it
is important to treat the protein as a whole when searching for suitable mutation sites as no
element in the system can be altered without affecting the others.
Statistical coupling analysis (referred as SCA herein after) is a popular technique
developed in 1999 and is getting more and more mature in the last decades. (2) This
technique is employed to measure the covariations between the selected pairs of residues
2
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in the protein MSA, which means it can quantify how the residue changes in the particular
position with the variation of the residue in another particular position (3,4). With this
technique, it is more convenient to identify the co-evolved pairs of residues in the protein
family/superfamily.
Network theory has long been a hot topic in almost all fields of research. Although it was
first developed for computer sciences, it can be applied to many other fields as long as they
have object individuals with complicated relationships, or the object could be considered
as a complex system. Biological systems contain many elements with physical, chemical,
electrical and many other connections, which are perfect for application of network theory.
Furthermore, it has been proved that network analysis could be a powerful tool in research
of biology, especially in bioinformatic studies, including protein interaction network (5),
human disease network (6), phylogenetic network (7) etc.
In this work, aquaporin/aquaglyceroporin superfamily was chosen as the main objective
system with its extensive existence in almost all kinds of organisms all over the
environment. In this superfamily, the orthodox aquaporin (referred as AQP herein after)
can select water molecules and transport them efficiently, while the aquaglyceroporin
(referred as AQGP herein after) is able to transport water as well as glycerol (8). Plenty of
genomes of proteins from this superfamily had been sequenced and the corresponding
protein sequences could be acquired expediently from databases and some of the
crystalized protein 3D structures were solved (9,10). The manipulation of orthodox
aquaporin and aquaglyceroporin functions has been a meaningful topic since the aquaporin
family proteins were first discovered and shown their remarkable ability in filtering
specific molecules and ions, including water and glycerol. This specialty of these proteins
makes them perfect subject for research into sea water desalination and fabricating
biological filters with specific selectivity. Moreover, many experiments have been done
for altering the selectivity of these proteins. Some of the point mutation experiments did
not achieve the expected results owing to the effects of some less conserved residues which
did not showing their significance in MSA. Therefore, the aquaporin superfamily is
suitable for bioinformatic research on residue coevolution and mutation sites prediction.
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Besides identification of critical highly correlated residues, it is also very interesting and
important to study the evolutionary process. Many strategies and algorithms have been
developed for phylogenetic analysis of DNA and protein sequences for the purpose of
evolutionary studies. Trying to discover the possibility of applying SCA technique in
protein evolutionary research is also necessary. In this work, aquaporin family proteins are
again employed for the study in order to investigate the evolution process of different
subfamilies from lower animals to higher animals.
Similar procedure for analyzing aquaporin protein family could also be employed into
research of other protein families. Butelase 1, as an efficient protein ligase, was a
remarkable proteomics discovery in the past few years. Although butelase 1 belongs to
legumain, a protease family, it shows great ability in catalyzing the reverse reaction of
hydrolysis, which protease normally does. In this work, an SCA application is conducted
on legumain family proteins for investigations of possible molecular mechanisms of
butelase 1 triggered ligation.
To further understand the function and behaviors of aquaporin or other transmembrane
proteins in cells, it is also necessary to study the surrounding environment of aquaporin –
cell membrane, or in simplified model as phospholipid bilayers. The basic form of
phospholipid bilayer in cells is vesicle. To get a detailed understanding of vesicle selfassembly as well as fusion process, molecular dynamics simulation technique is employed
in this work.

1.2 Objectives and Scope
Herein, the major objective of this work is to apply SCA methodology as well as network
analysis concept in discovering the pairs of coevolved residues that contribute to the
molecular selectivity of AQP/AQGP and the function of protease/ligase, propose suitable
mutation sites that could assist the manipulation of protein function, and dig up the hidden
evolutionary connections among residues of aquaporin superfamily.
In order to achieve the above goal, first, a dataset of selected aquaporin superfamily protein
4
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sequences is established. Meanwhile, to get a more accurate outcome from SCA and to
avoid noise from data set, the number of homolog sequences should be large enough and
share less sequence identity. The aquaporin dataset is employed for further study of
mutation sites discovery. With the dataset successfully established, the sequences are
aligned using MSA algorithm. After that, sequences with too many gap insertions during
MSA would be removed as incomplete sequences.
To discover the evolutionary hidden connections between residues and identify the critical
pairs of residues which affect aquaporins’ molecular selectivity, the sequences are going
to be separated into two groups as orthodox aquaporin and aquaglyceroporins. The SCA
technique is applied to calculate the covariation of these two separate groups respectively.
Networks made up of highly correlated positions based on SCA scores could be established
and compared. Based on the comparison, particular network pattern affects the protein
selectivity would be able to be discovered. Meanwhile, 3D structures of prototype
AQP/AQGP, which are E.coli Aqp Z and E.coli Glp F, would be employed as model
system for structural study. Combining the SCA network results and analyzing their
influence on channel-forming residues, with the further assist of dynamic quantum
clustering, a number of potential mutation sites are identified.
To prove the accuracy of the predicted mutation sites and further investigate how these
residues affect the channel selectivity, computer modelling technique is employed. The
radius of both natural and mutated channel of AqpZ are to be measured and compared.
Furthermore, replica exchange molecular dynamics modeling would be applied to
demonstrate how the water and glycerol molecule pass through the natural and mutated
protein channels (11). In-depth structural analysis on these residues could be performed
and the molecular details of selectivity filter configuration would be revealed. Later on, the
analysis into evolutionary aspects of different aquaporin subfamilies could also be
conducted to discover the hidden connections among residues over evolution.
With the experience of analyzing the AQP/AQGP superfamily by SCA network analysis,
it is promising to further utilize this technique to study the possible mutual transformation
of protease and ligase, i.e. legumain family protein and butelase 1 in this work.
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1.3 Dissertation Overview
This dissertation addresses the applications of SCA in protein bioinformatic research,
including aquaporin superfamily and protease/ligase transformation, and contains eight
chapters.
Chapter 1 gives an overview of this work and introduces the rationale, the goal and an
outline of this work.
Chapter 2 reviews literatures concerning the AQP/AQGP superfamily, the different
molecule transportation preference of AQP and AQGP, as well as the mutation attempts to
manipulate the selectivity. A brief introduction of AQP/AQGP superfamily will be given
first. After that, previous techniques, research and experiments on critical residue
identification and manipulation of protein function, especially for AQP/AQGP function
transition, will be reviewed. The literatures concerning butelase 1 as well as legumain
protein family will also be given afterwards. Based on the literature reviews, problems
needing to be solved will be proposed.
Chapter 3 introduces the theoretical bases of techniques which are employed in this work,
including multiple sequence alignment, statistical coupling analysis, network analysis,
molecular modeling (including MARTINI coarse-grained force field), replica exchange
molecular modeling and dynamic quantum clustering.
Chapter 4 shows the results of SCA analysis application in investigating the AQP/AQGP
substrate selective permeation in molecular basis. A series of important residues are given
based on the analysis. Mechanisms that affects the molecule selectivity are also proposed
in detail. Modelling is conducted and a series REMD simulations are performed to prove
the accuracy.
Chapter 5 describes an evolutionary application of SCA in AQP subfamily research and
reveals that SCA method could also be employed to categorize proteins. Furthermore, some
SCA-critical residues are selected for analysis to discover their roles and importance during
6
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evolution process.
Chapter 6 discusses the SCA method application in protease/ligase investigation based on
the discovery of butelase 1, an efficient protein/peptide ligase with similar structure and
sequence identity with AEP protease. Some featured residues are predicted to be
responsible for the ligation process. Ligation mechanism detail is also presumed according
to the results.
Chapter 7 shows the MD simulation of a set of phospholipid bilayer/vesicle self-assembly
as well as vesicle fusion process. The curvature force is proved to be the driving force of
bilayer-vesicle self-assembly. A trigger event of appearance of a lipid molecule with
specific conformation is revealed.
Chapter 8 summarizes the implications and the highlights of this dissertation, and proposes
the future recommended works based on the results.

1.4 Findings and Outcomes
This work gives several novel findings as follows:
a. Giving a few potential mutation sites, which could suggest guidance to experiments
aiming AQP/AQGP function switching manipulation.
b. Establishing a protocol of identify critical pairs of correlated residues by SCA network
analysis in protein research and design.
c. Showing the possibility of application of SCA network analysis in protein evolutionary
trend research of big data.

7

Literature Review

Chapter 2

References:
1.

Notredame C. Recent evolutions of multiple sequence alignment algorithms. PLoS computational
biology. 2007;3(8):e123.

2.

Lockless, S.W. and R. Ranganathan, Evolutionarily conserved pathways of energetic connectivity
in protein families. Science, 1999. 286(5438): p. 295-9.

3.

Tesileanu T, Colwell LJ, Leibler S. Protein sectors: statistical coupling analysis versus conservation.
PLoS computational biology. 2015;11(2):e1004091.

4.

Watanabe L, de Moura PR, Bleicher L, Nascimento AS, Zamorano LS, Calvete JJ, et al. Crystal
structure and statistical coupling analysis of highly glycosylated peroxidase from royal palm tree
(Roystonea regia). Journal of structural biology. 2010;169(2):226-42.

5.

Lim J, Hao T, Shaw C, Patel AJ, Szabo G, Rual JF, et al. A protein-protein interaction network for
human inherited ataxias and disorders of Purkinje cell degeneration. Cell. 2006;125(4):801-14.

6.

Goh KI, Cusick ME, Valle D, Childs B, Vidal M, Barabasi AL. The human disease network.
Proceedings of the National Academy of Sciences of the United States of America.
2007;104(21):8685-90.

7.

Finnila, S., M.S. Lehtonen, and K. Majamaa, Phylogenetic network for European mtDNA. Am J
Hum Genet, 2001. 68(6): p. 1475-84.

8.

Agre, P., The aquaporin water channels. Proc Am Thorac Soc, 2006. 3(1): p. 5-13.

9.

Verkman AS, Mitra AK. Structure and function of aquaporin water channels. American journal of
physiology Renal physiology. 2000;278(1):F13-28.

10.

Verkman AS. Aquaporins at a glance. Journal of Cell Science. 2011;124(13):2107-12.

11.

Zhou, R., Replica exchange molecular dynamics method for protein folding simulation. Methods
Mol Biol, 2007. 350: p. 205-23.

8

Literature Review

Chapter 2

Chapter 2
Literature Review
In this chapter, literature in the related fields, including aquaporin
protein family as well as protease and ligase proteins, is reviewed.
Aquaporin, as one of the most important protein families, has
stimulated much research interest. Introduction to previous mutation
attempts on AqpZ to manipulate its molecule permeability is presented.
The simple mutation of key residues is proved to obtain an undesired
outcome. One of the reasons is that the effects of residues correlated to
these key residues but not directly involved in the function were
overlooked. The better understanding of the proteins and previous
experimental attempts gives the rationale of selecting methods and
analysis for understanding the in-depth detailed mechanism of protein
functions.
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2.1 Overview of Aquaporin Protein Family
Aquaporin is a general name of a sub-family of transmembrane channel proteins which
belongs to the family of Major Intrinsic Proteins (MIP)(1). They exist widely in most of
the organisms including prokaryotes and eukaryotes (2). The main function of aquaporin
is associated with selective permeation of water and other small solutes across the
biological membrane. Aquaporin could be classified into two categories according to its
specificity of water and glycerol permeability (2, 3). Orthodox aquaporins (referred as AQP
herein after) are exclusively permeable to water; while the aquaglyceroporins (referred as
AQGP herein after) or glycerol facilitator proteins (GLPs) are permeable to both water and
glycerol .Since the crystal structure of the Aquaporin 1 was first determined in 2000 (2),
the structures of several proteins belong to the aquaporin family have been discovered in
the last two decades (4-7).
During the latest few decades, aquaporin attracted the interest of researchers not only for
its application in water transportation in metabolic pathways, but also in clinical studies
and therapeutic development. It is known that different aquaporin homologues are essential
membrane proteins distributed in different organ tissues in the mammalian bodies with
different transportation ability and thus different functions. Aquaporin deficiency and
mutations in particular sites will cause various diseases.
For example, AQP3 and AQP4 appear in basolateral plasma membranes in kidney, the
knockout of these two aquaporins in mice will cause mild urine-concentrating defect and
severe polyuria respectively (8). The AQP0 in lens will maintain the transparency, two
typical common mutations of AQP0, Glu134Gly and Thr138Arg, could lead to cataracts
(9). Aquaporin 2 was also reported to have relevance with nephrogenic diabetes insipidus
(NDI), 39 mutations of Aquaporin 2 were discovered to cause NDI in 10% of NDI patients,
including Arg254Leu, Glu258Lys, which will cause autosomal dominant NDI (10).
In cancer-related pathological research, aquaporin has also attracted a lot of interests. Some
aquaporin proteins are found to enhance cell proliferation, migration and survival in several
kinds of cancer diseases. Recently, AQP3 was also reported to induce E-cadherin
repression and promote epithelial-mesenchymal transition in gastric cancer via
10
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PI3K/AKT/Snail signaling pathway, which provides a novel drug target for cancer therapy.
(11) Some publications also reported that AQP1 and AQP5 expression levels are found to
be high in various kinds of tumor cells, and believed to trigger rapid water exchange in and
out of cells and lead to rapid changes of cell shape and volume. (12-14)

Table 2.1 Classification of aquaporin family proteins based on phylogenetic analyzes, their
organism distribution and glycerol permeability
Table 1
Classification of aquaporin sequences from phylogenetic analyses
Name

Organism

Glycerol
Permeability

AQP subfamily (Orthodox aquaporins)
AQP0

Mammals

No

AQP1

Mammals

No

AQP2

Mammals

No

AQP4

Mammals

No

AQP5

Mammals

No

AQP6

Mammals

No

AQP8

Mammals

No

AQPZ

E.coli

No

AQY1

Yeast

No

AQY2

Yeast

No

Plasma-membrane

Plant

Depends

Plant

Depends

Plant

Depends

Plant

Not known

AQP3

Mammals

Yes

AQP7

Mammals

Yes

AQP9

Mammals

Yes

AQP10

Mammals

Yes

GlpF

E.coli

Yes

GLPY1

Yeast

Yes

GLPY2

Yeast

Yes

intrinsic proteins (PIPs)
Tonoplast intrinsic
proteins (TIPs)
Nodulin-like intrinsic
proteins (NIPs or NLMs)
Small basic intrinsic
proteins (SIPs)

GLP subfamily (AQGP)

Furthermore, aquaporin is also a candidate target of therapy involved in Alzheimer’s
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disease (AD) and Parkinson’s disease (PD). The expression level of AQP4 is significantly
reduced in diagnosed AD brain with cerebral amyloid angiopathy (CAA) which related to
the accumulation of amyloid-β, the major cause of AD (15, 16). AQP4 is also involved in
dopamine regulation on proliferation of striatal astrocytes in vitro, which is considered to
be related to PD (17).
Besides pathological research, aquaporin family proteins have shown great significance in
many other fields because of their great importance in different metabolic pathways. For
example, AQP3, which is classified as aquaglyceroporin, show great importance in
epidermal and stratum corneum hydration by facilitating glycerol transport. Experiments
in mice also suggested its value in improving skin elasticity and wound healing. Therefore,
to increase AQP3 expression could be a target of cosmetics that improve skin
moisturization.

2.2 Typical Structures of AQP and AQGP
Aquaporins usually consist of around 320 amino acid residues and have masses of
approximately 28 kDa. Both AQP and AQGP have homologous structures because of their
high protein sequence identity. Generally speaking, an aquaporin family protein is a pore
forming protein consisting of six transmembrane helices and two half helices. The
aquaporin proteins usually form tetramers embedded in the cell membrane. For each
monomer, a channel is formed by the above-mentioned helices and act as the transport
pathway for water or other small molecules like urea and ammonia.
One of the most featured characteristic of almost all the aquaporin proteins, either AQP or
AQGP, is the two Asn-Pro-Ala (NPA) highly conserved motifs locates on the two half
helices (M3 & M7) and in the center of the channel lumen. These two motifs are proven to
play significant roles in water transportation by flip the water molecule’s orientation during
transportation by hydrogen bonding interactions provided by Asn.
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C

Figure 2.1. Schematic presentation of aquaporin transmembrane helices. Two NPA motifs and Cloop are represented in orange color.

Another particular feature of aquaporin is the aromatic/arginine selectivity filter (ar/R SF)
locates near the extracellular entrance. As its name shows, the SF always determines the
size of molecules that would pass through this channel. In orthodox aquaporin, the ar/R SF
consists of four residues (typically Arg, Phe, His and the fourth one) and is so small that
water or other similar sized molecules could pass through. Correspondingly, the ar/R SF in
aquaglyceroporin normally established by three residues (typically Arg, Phe, and Trp/Thr),
but is broader compare with that in orthodox aquaporin, which gives the protein more
choice of molecule transportation such as glycerol. Therefore, the ar/R SF actually provides
a distinguishing feature for identifying subfamilies of the aquaporin family.
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2.3 E.coli AqpZ and GlpF
Aquaporins not only exist in animals and plants, but can also be found in bacteria. In E.coli,
one of the most common model system organism, both AQP and AQGP are discovered as
aquaporin Z (AqpZ) and glycerol facilitated protein (GlpF).
B

A

H174

H174

F43

G191

R189

W48

F43

F200

T183

T183

R206

C

H174

H174

F43
T183

R189

G191

W48

F43

F200

R189

T183

R206

G191

W48
F200

R2

Figure 2.2. Structure of Aqp Z and Glp F. (A) Superposition of 3D structure of Aqp Z (grey) and
Glp F (cyan), the two NPA motifs locate on M3 and M7 are represented in green color; (B)
Selectivity filter region of Glp F, consists of W48, G191, F200, R206, represented by spheres, the
area of pore size is 9.3Å2; (C) Selectivity filter region of Aqp Z, consists of F43, H174, T183, R189,
the area of pore size is 3.9 Å2.

They have been widely studied during the last few decades with 3D crystal structures
determined in 2002 and 2003 by Stroud et al. (19, 20) (PDB ID: Aqp Z – 1RC2; Glp F –
1LDA). They could be considered as the typical structures for AQGPs and AQPs since
aquaporin proteins have high sequence identity and structure similarity. In this study, the
structures of E.coli Glp F and Aqp Z (refer as Glp F and Aqp Z) are used to demonstrate
the structural analysis of bacteria aquaporin family proteins.
Like all the other AQPs, AqpZ has a typical ar/R selectivity filter with the cross-section
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area of 3.9 Å2, which consists of four residues F43, H174, T183, R189. Correspondingly,
GlpF has a much broader ar/R SF with cross-section area of 9.3 Å2. The equivalent residues
of SF as that in AqpZ are W48, G191, F200, R206, but with G191 hiding away from the
SF.

2.4 Mutations on AqpZ for Function Manipulation
Ever since subfamilies of aquaporin were discovered, scientists have not stopped trying to
understand the detailed mechanism of selectivity and to exchange the molecule selectivity
by manipulating some of the critical residues.

Figure 2.3. Cross section of SF size comparison in wild type rat Aqp1 and its mutants (21). The
mutants of R195V(B), H180A(C), H180A/R195V(D), F56A/H180A(E), all have enlarged SF pore
size compare to the wild type(A) (21).

In 2006, Beitz et al. reported that some multiple mutations of ar/R SF residues of rat AQP1
could change its selectivity (Fig 2.3). In their publication, mutation of single residue to
alanine and valine among the SF residues including Arg and His expanded the SF but did
not change the permeability of water molecules. Furthermore, two double mutants, AQP1H180A/R195V and AQP1-F56A/H180A, further expanded the SF. For AQP1H180A/R195V, the expansion of SF allows urea to pass through. Meanwhile, AQP1F56A/H180A gives the maximal diameter enlargement of SF and shows the glycerol
permeability of this mutant. However, in the mutants with Arg mutated, protons are
allowed to pass through the channel because of the removal of positive charge. In this work,
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the researchers proved that the ar/R SF, or constriction, plays the role as major checkpoint
for molecule selectivity during transportation. (21)

1

A

B

C1

D

Figure 2.4 (A)Schematic presentation of Arg of SF in wild type AqpZ and GlpF. (B) Pore size of
wild type AqpZ and its mutants compared to GlpF. Water (C) and glycerol (D) raw curve an
osmotic challenge assay along with time in wild type AqpZ and its mutants compared to GlpF,
indicating the molecular permeability of these proteins. (18)

Since the significance to molecule transportation of SF was discovered, researchers are
more and more interested in manipulation of the selectivity of aquaporin family proteins.
Nevertheless, it is difficult to achieve the expected goal. In 2010, Stroud et. al reported
their experiment on E. coli AqpZ to mutate the residues of SF except the arginine to the
equivalent residues of E. coli GlpF. They anticipated that the mutations would expand the
ar/R SF and introduce glycerol permeability to AqpZ. The wild type AqpZ, GlpF and AqpZ
mutants were purified and reconstituted into liposomes. The permeability of water/glycerol
was measure by challenging the proteoliposome with hyperosmolar buffer respectively. As
shown in Fig 2.4C and Fig 2.4D, normalized light scattering curve were obtained from
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measuring the shrinkage rate of the proteoliposome. Molecular permeability constant k of
water and glycerol for each kind of protein was then calculated by curve fit to an
exponential function. However, the SF did not expand, in contrast, the size of protein SF
was even smaller comparing with the wild type, which was unexpected. In their publication,
the researchers stated that the major determinant of selectivity for larger amphipathic
molecules such as glycerol was the size of selectivity filter. Meanwhile, they compared the
crystal structure between AqpZ and GlpF and figured Furthermore, they also revealed that
some of the residues that do not directly interact with the substrates could be necessary for
selectivity determination, such as some residues located in helices-connecting loops.(18)
Table 2.2. Proteoliposome permeability for water and glycerol. Wild type AqpZ and GlpF shows
their good permeability to water and glycerol respectively. The mutants however, perform poor
permeability to both water and glycerol (18).

In previous research, scientists focused on the residues that forms SF and conducted
mutation trials on them only. However, the influence of other “less-critical” surrounding
residues were neglected. Therefore, the study of molecular selectivity of aquaporin family
proteins was not comprehensive. In this work, SCA is applied to discover the correlated
residues and further explore the detailed interactions between residues and the moleculeselective mechanism.

2.5 Overview of Proteases and Ligases
Proteases and ligases are two of the most important protein families for living organisms.
Although they have opposite functionality, they both play significant role in metabolic
pathways.
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2.5.1 Proteases
A protease, sometimes also called a peptidase or a proteinase, is an enzyme which has the
main function of executing proteolysis or catabolism by hydrolysis of peptide bonds.(22)
In other words, proteases cleave peptide bonds of peptides or proteins for protein
degradation, signaling or metabolic purposes. Proteases have been evolved multiple times
and adapted to various conditions like different pH and reductive environment. Therefore,
they are found to be existed in almost all kinds of organisms including virus. Meanwhile,
proteases use different catalytic mechanisms to conduct hydrolysis which classified them
into several categories including serine, cysteine and threonine proteases.(23) Proteases
could cleave protein substrates either from terminal or from the middle, which gives three
subfamilies as aminopeptidase, carboxypeptidase and endopeptidase.
Proteases regulate the location and activity of various proteins, coordinate protein-protein
interactions activate zymogens, and contribute to cellular signaling.(24) Therefore,
proteases can influence many cellular processes, including DNA replication and
transcription, cell proliferation, unfolded/misfolded protein degradation, inflammation,
programmed cell death etc.(25) They are so important for metabolic pathways that
dysfunction of some proteases in certain organs could cause particular diseases. So far,
dysfunction of proteases lead to disordered proteolysis, which are found to be responsible
for multiple pathological conditions such as cancer, cardiovascular, neurodegenerative,
inflammatory, and some other diseases.(26)
2.5.2 Ligases
Ligases, or in other names, synthetase or synthase, are enzymes that usually bind two
chemicals or compounds by forming new covalent bonds or creating ring structure coupled
with high energy bond breakdown like ATP, GTP. The ligases can be classified as DNA
ligase, RNA ligase, ubiquitin ligase, ATP synthase, etc. based on their substrates, products,
or mechanisms. They are all very important for metabolisms of almost all organism. DNA
ligases are critical for DNA replication and repair(27), which is one of the most studied
ligases at present. Ubiquitin ligase recognizes protein substrate and catalyzes the ubiquitin
transfer to substrate and leads to ubiquitination. It regulates homeostasis, cell cycle and
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DNA repair.(28) Thus, ubiquitin ligase is a significant target for cancer research.
Protein ligation could play a significant role in protein engineering research. By adding
specific peptide to a recombinant protein or ligate two recombinant proteins would be very
powerful in subsequent research. For example, by ligation, a biophysical probe could be
attached to a protein for characterization; some unnatural amino acid or peptides could also
be introduced to a protein for altering protein structure or function.

2.6 Review of Cyclotides and Butelase1
Cyclotides are a small group of disulfide-rich peptides which have a peptide bond linkage
of their N- and C-terminal, leading to a circular backbone (29, 30). This particular structure
provides cyclotides remarkable structural and proteolytic stability comparing with their
linear counterparts (31). The number of amino acids which form a cyclotide could range
from 6-11 residues (32) to over 70 residues (33, 34). Generally speaking, smaller cyclotides
(<15 residues) are often found in microorganisms, and have no well-defined threedimensional structure (31). In contrast, larger cyclotides (14-78 amino acids), distributed
in bacteria, plants, as well as animals, with well-defined 3D structures. It is reported that
because of their small size and outstanding stability, cyclotides could modulate proteinprotein interactions in different ways, e.g. binding to surface of large proteins with high
affinity and specificity (35, 36). Since cyclotides have various therapeutically valuable
functions, including antimicrobial and anti-HIV activity, they could be a promising class
of peptides in clinical applications (37). Recently, several cyclotides have been FDAproved or in clinical trials in different clinical therapies and attracted more and more
interest in therapeutic research field (31).
Plants are rich resources of cyclic peptides, mainly produced through non-ribosomal
biosynthetic pathway (38). By contrast, cyclotides which are gene-coded arise from large
precursors and the bioprocessing involves a ligase or cyclase. One of the most important
steps is to join the N and C termini to form the circular backbone. However, the in-vitro
synthesis of cyclotides is not easy. Only three peptide cyclases for ribosomal peptide
synthesis have been purified so far and they perform at a very low efficiency, with Kinect
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Kcat of 1h-1 or 1d-1. The low efficiency determines that these enzymes are not suitable for
mass-production of cyclotides in industrial applications.
Asparaginyl endopeptidase (AEP), or legumain, sometimes with the name of vacuolar
processing enzyme, is a family of cysteine proteases which catalyze hydrolysis of proteins
or peptides specifically at the site of asparaginyl bonds (39). They were first discovered in
plants during the 1980s with the name of CPR (cysteine proteinase) (40). After that, more
proteins like CPR were discovered in other plants until they were given the name of
legumain with the appearance in legume seeds (41, 42). The crystal structure of
prolegumain and active AEP was discovered in 2013 (43), which gave us better reference
in studying the function of legumains. Generally speaking, the major role for legumains
was to catalyze the hydrolysis and no ligase activity was shown. Only in particular situation,
when an aspartic acid transits to aspartimide through deamination, the human legumain
could ligate the cleaved human cystatin E (hCE) at the cleavage site (44). In contrast, some
plant legumains show ligase activity to produce cyclic peptides but in low efficiency (45).
A recent discovery of a novel plant AEP, showed that this specific plant legumain from C.
ternatea, with the name of butelase1, could act as an Asx-specific ligase which enables
peptide macrocyclization of kalata B1 (kB1) with an extraordinary high efficiency as high
as 95% yield within an hour (46). As it is known, AEP or legumain is usually used as a
lysosomal endopeptidase that cleaves substrate at Asp/Asn specific site (47). However,
with the exact same catalytic triad and 71% sequence identity with other legumain
proteases, butelase 1 does not do the hydrolysis of normal legumain substrates as its
homologs do. It was claimed that the cyclization is independent of disulfide bonds, and
facilitated by a C-terminal sequence of NHV or DHV (46). Furthermore, other legumains,
e.g. Jack bean legumain, could not perform ligase function. Meanwhile, minor
cyclodimerization was also detected during the experiment, suggesting that butelase 1 also
has the ability to catalyze intermolecular peptide ligation, which was also proved to be true.
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Figure 2.5 (a,b,c) Mass spectropy characterization of peptide cyclase activity. Butelase 1 shows
great yield of kB1 cyclisation (b) compare to Jack bean legumain (c). (d) Modeling structure of
zymogenic butelase 1 based on the structure of human legumain (46).

Another recombinantly-expressed AEP from a cyclotide-producing plant Oldenlandia
affinis, OaAEP1b, was also identified to have the ability of efficient cyclization recently
(48). It was reported that this enzyme would facilitate the cyclization of kB1 with Cterminal sequence of NGL or DSLP with very high yield within 5 hours without
involvement of water. Akin to butelase 1, the removal of disulfide bond in kB1 analogues
improved the catalytic efficiency remarkably as well, suggested that OaAEP1b facilitated
cyclization is also independent of disulfide bond. Although the efficiency of cyclization is
not as perfect as butelase 1, OaAEP1b shows promising prospect in application since it
could be fabricated by recombinant expression.
Although butelase 1 and OaAEP1b seems to be the most promising catalyzes candidates
for industrial cyclotides production, the mechanism of butelase 1/ OaAEP1b triggered
ligation remains undiscovered. It is also a very interesting topic to study why a protease
family protein mainly catalyze ligation. In this work, SCA is applied to discover the critical
correlated pairs of residues that might play important roles in facilitating ligation reaction
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and prevent hydrolysis.
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Chapter 3
Experimental Methodology

Chapter 3 presents the necessary role of the experimental methodology
employed in this thesis and validates the experiment design. This chapter
introduces basic background information and the necessity in this work
about multiple sequence alignment, statistical coupling analysis, replica
exchange molecular dynamics, as well as the network theory. Multiple
sequence alignment is the foundation of performing statistical coupling
analysis and applied to identify highly conserved positions or motifs.
Statistical coupling analysis has been proven to be a powerful tool in
finding correlated residues in proteins, and is chosen to be the main
technique to discover the correlated residues in this work. Combined with
network analysis, the correlated pairs are further filtered. MD simulations
are employed to approve the correctness and accuracy of potential
mutation sites.
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3.1 Methods Selection
A complex adaptive system would basically have three typical features. First of all, the
system consists of multiple heterogeneous elements with independent behaviors.
Second, the elements would mutually interact with one another. And third, these
interactions would lead to emergence, which means in the large-scale view, new pattern
or particular characteristics appears through the interactions of individual elements.(1,
2) More than 2000 years ago, the great ancient Greek philosopher Aristotle once stated
in his Metaphysics as, “The whole is more than the sum of its parts.” This could be
considered as the first time that the concept “complexity” was come up with.(1) With
the development of modern science, numerous of research objectives could be
considered as a complex system. Therefore, to study the elements of a system without
considering the connections between elements would be insufficient. Complexity
theory had been widely employed in multiple scientific disciplines including physics,
chemistry, computing, biology and social sciences.(2)
Any biological system, including DNA/RNA, proteins, cells, organs, organisms or even
species and eco-systems, could be considered as a complex adaptive system. Hence
complexity theory is always involved in biological research in different scales.(3) In
system biology, bioinformatics and computational modeling techniques are often used
in mutual interactions among individuals in biological systems.(4) Dozens of
techniques and hundreds of software had been developed and applied in research of
genetic/proteomic databases, metabolism flow path, protein-protein interactions and
drug development.
Generally speaking, several ordinary techniques have been widely employed, including
MSA-based single site/motif conservation analysis, which are most often used methods
in proteomic bioinformatics research. Although these techniques are very powerful for
finding out the conserved residue/motifs in protein families in order to identify the key
functional residues, the mutations based on the identifications sometimes could not
achieve the desired effect. Some alternation of critical residues could become totally
useless for the protein function or lethal to the protein led by the effect of residues that
locates even not near to the functional sites. Apparently, it is crucial not to neglect the
connections between residues including the crucial ones and the ones seems
nonsignificant in MSA. Therefore, to treat the system as a whole is essential for
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research in complex system including protein bioinformatics.
Statistical coupling analysis is one of the most powerful tools for investigating the
covariations of elements in a complex system. This technique was originally developed
in 1990s especially for bioinformatic studies to quantify the energetic interactions in
proteins, which makes it extremely suitable for this work of protein system.
Molecular dynamics simulation is also another powerful tool in computational
modelling of biology. Either chemical or physical reactions of molecules are usually
completed in an extremely short time scale. With the limitation of current scientific
techniques, it is very difficult for researchers to investigate the reaction details at the
molecular or atomic scale, including atom translocation, molecular configuration
alteration, transition state structure etc. Hence computational MD simulation is often
used for investigating these reaction details of molecules or atoms in microscopic scale.
Models of atoms and algorithms to interpret forces between atoms, also known as force
fields, are employed to simulate the real molecules or even larger systems. Although
theoretically speaking, as long as unlimited computing power is provided, MD
simulation could be used for research of system with any size, the amount of
computation grows exponentially as the system size increases. Therefore, researchers
at present usually employ MD for smaller systems which also shows promising
outcomes and gives theoretical support for macroscopic experiments.
Nevertheless, in some situations, to determine reaction path or stable structures, the
simulation need to cross the local minima of energy landscapes between different
conformations, which require ergodic sampling. A standard MD simulation sometimes
does not perform quite well in sampling when the energy barrier on potential energy
surface between two local minima is relatively high. In order to cross the energy barrier
and get a wider sampling phase, replica exchange molecular dynamics (REMD)
simulation was developed with the application of umbrella sampling, which realized
the random walk in specific energy interval space. Hence REMD simulation was
selected for determination of protein mutant conformation.
Network theory is also a very useful tool for research of complex systems. After the
computer was invented, people view it as the basic theory for computer science and it
is the foundation for establishing the internet. Nowadays, people have found that the
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networks exist almost everywhere, which made network theory applicable to many
disciplines. As the authority of complex network research, Barabasi, wrote in his book,
by using network theory and study the hidden pattern, 93% of human behavior could
be predicted. It also attracts many researcher’s attention in bioinformatic topics.
Biologists have built multiple kinds of biological networks including protein interaction
network, metabolic network, neural network, signaling network etc. With network
theory in this work, to discover the critical pairs and individuals of residues based on
the SCA measurements would be more precise.
Dynamic quantum clustering method is an auxiliary technique provided by Professor
Marvin Weinstein. It is a general method for clustering of big data, which is an
important problem that could never be neglect in most scientific or technological fields
of study. In bioinformatic research, it could also have its promising application for
clustering numerous of protein or gene sequences. This method is employed to recheck
the SCA measurements, and to avoid any possible significant omissions.

3.2 Multiple Sequence alignment (MSA)
Multiple sequences alignment is a common technique which is frequently employed in
biological research. This technique is used to align more than three presumptive
homologous biological sequences, such as protein sequences, DNA and RNA
sequences. The sequences are arranged into a rectangular array in order to discover
residues which are homologous in a particular column, or homologous motifs which
are superimposable. These conserved residues or motifs are usually considered to play
important role either for protein 3D structure or function. In proteomics research, it is
considered as an essential tool for protein structures and functions. It is also employed
for phylogenetic inference of evolutionary history(5) and some other research of
sequence analysis.(6) Many algorithms have been developed for MSA, including
CLUSTALW (7), MAFFT (8), MUSCLE (9), etc.
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Figure 3.1. Schematic presentation of MSA procedure. (7)

Generally speaking, a mature multiple sequence alignment usually has three steps.
Firstly, pairwise alignments are performed to generate a distance matrix which presents
divergence of all pairs of sequences. Secondly, a branching neighbor-joining tree is
calculated from the previous matrix. Lastly, based on the guidance of NJ tree, the
sequences are aligned gradually according to the branching order.(7)
In CLUSTALW alignment algorithm, compared with previously developed MSA
algorithms, CLUSTALW introduces some new concepts including sequence weights
and initial gap penalty which give it better accuracy. Different algorithm could be
chosen according to the user’s requirement in computing speed, sequence amount
limitation, sequence identity preference, as well as operating system capability.
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CLUSTALW and MAFFT are two progressive alignment algorithms and MUSCLE is
an iterative alignment method. In this work, the data set obtained from BLAST contains
more than 300 sequences with length varied from 200 to ~500 amino acids. As homolog
proteins, the sequence identity is basically larger than 60% in this case. Theoretically
speaking, any MSA tool could be chosen for the alignment (10). Considering the
computing time as well as the availability of algorithm in VMD software package for
windows system(11), CLUSTALW was chosen as the alignment algorithm.
In this work, the raw data set is collected from BLAST searches against a non-redundant
protein database (12). Typical protein sequences are selected from the database for
running a PSI-BLAST. Identical sequences and sequences with very high identity
(normally > 90%) are removed. These filtered sequences are used as input for
CLUSTALW MSA. Furthermore, sequences with too many gaps filled in
(normally >30%) are also removed for minimizing the noises.

3.3 Statistical Coupling Analysis (SCA)
MSA could give researchers plenty information about highly conserved residues as well
as motifs. Since conservation has long been common criteria for discover which part of
the protein most likely to be critical for functions, MSA has been widely used in
bioinformatic research. Nevertheless, MSA still has the limitation that it could not give
information about residue covariance during evolution history directly. Recently, with
the easy accessibility and the constantly improved database with increasing number of
biological sequences, the information of higher dimension statistics, such as pair
correlations of residues, is becoming possible and necessary for in-depth protein
research.
Statistical coupling analysis was first introduced by Ranganathan et. al in 1999(13) for
the quantification of the energetic interactions in the protein sequence based on MSA.
Many versions of SCA algorithm were developed during the last decades. In this work,
SCA tool box v3.0 is employed for the study. The basic principle is illustrated below:
The background possibility q for an amino acid a could be calculated from the mean
frequency of amino acid a in all protein sequences from a redundant database.
Therefore, the background possibility for the twenty natural amino acids in alphabetical
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order will be:
𝑞 (𝑎) = (0.073, 0.025, 0.050, 0.061, 0.042, 0.072, 0.023, 0.053, 0.064, 0.089,
0.023, 0.043, 0.052, 0.040, 0.052 0.073, 0.056, 0.063, 0.013, 0.033)
With a given dataset of M protein sequences after alignment, the conservation of amino
acid a in one independent position i with an observing frequency fi(a) could be measured
by the so-called Kullback-Leibler divergence(14), or relative entropy, Di(a) . Firstly, the
probability PM[fi(a)] of observing frequency fi(a) would be:
𝑃𝑀 [𝑓𝑖

(𝑎)

]=

(𝑎)

𝑀𝑓𝑖

𝑀!
(𝑎)
(𝑎)
[𝑀𝑓𝑖 ]![𝑀(1−𝑓𝑖 )]!

[𝑞 (𝑎) ]

(𝑎)

[1 − 𝑞 (𝑎) ]𝑀(1−𝑓𝑖

)

(3.1)

When M is large, an approximation would be:
𝑃𝑀 [𝑓𝑖

(𝑎)

(𝑎)

] ≅ 𝑒 −𝑀𝐷𝑖

(3.2)

Hence,
(𝑎)

𝐷𝑖

= 𝑓𝑖

(𝑎)

(𝑎)

𝑙𝑛

𝑓𝑖
𝑞

(𝑎) + (1 − 𝑓𝑖

(𝑎)

(𝑎)

)𝑙𝑛

1−𝑓𝑖

(3.3)

1−𝑞(𝑎)

The value of Di(a) here indicates that with the given background possibility q(a), how
unlikely the observed frequency of amino acid a at position i would be.
For a raw alignment xi,s(a), one pair of position i and j with amino acid a in position i
and amino acid b in position j, the correlated conservation could be defined as:
(𝑎𝑏)

𝐶𝑖𝑗

(𝑎) (𝑏)

(𝑎)

(𝑏)

(𝑎𝑏)

= [𝑥𝑖,𝑠 𝑥𝑗,𝑠 ]𝑠 − [𝑥𝑖,𝑠 ]𝑠 [𝑥𝑗,𝑠 ]𝑠 = 𝑓𝑖𝑗

− 𝑓𝑖

(𝑎) (𝑏)
𝑓𝑗

(3.4)

In the weighted alignment of SCA:
(𝑎)

(𝑎) (𝑎)

𝑥̃𝑖,𝑠 = 𝛷𝑖,𝑠 𝑥𝑖,𝑠

(3.5)

Where ϕi(a) is the function of positional conservation Di(a). Hence the correlated
conservation of weighted matrix in SCA would be:
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(𝑎)

𝛿𝐷
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(𝑎) (𝑏) (𝑎𝑏)
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𝛿𝑓𝑗

𝛿𝑓𝑖

(𝑎𝑏)

| 𝐶𝑖𝑗

(3.6)

And it could be infered that the statistical energy to represent the correlation between
position i and j, which is the change in the conservation of amino acid b at position j
that caused by the perturbation introduced at position i, ΔΔE:
𝑠𝑡𝑎𝑡,𝑏,𝑎𝑖

∆∆𝐸𝑗,𝑖

1

(𝑏)|𝑎𝑖

(𝑏)

= − [ln (𝑃𝑀 [𝑓𝑗 ]) − ln (𝑃𝑀 [𝑓𝑗|𝑖
𝑀

])

(3.7)

Since:
(𝑏)|𝑎
𝑓𝑗|𝑖 𝑖

=
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=
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+

(𝑎 𝑏)
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(𝑎 )
𝑓𝑖 𝑖
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(𝑏)
𝑓𝑗

+

(𝑎 𝑏)
𝐶𝑖𝑗 𝑖
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(3.8)

Under the assumption of fj|i(b)|ai ≈ fj(b), expand the term:
1

(𝑏)
− [ln (𝑃𝑀 [𝑓𝑗 ])
𝑀

≅

(𝑏)
𝐷𝑗

+

(𝑎 𝑏)
𝐶𝑖𝑗 𝑖 𝛿𝐷𝑗(𝑏)
(𝑎 )
(𝑏)
𝑓𝑖 𝑖 𝛿𝑓𝑗

(3.9)

Hence, it is concluded the statistical energy of SCA as:
𝑠𝑡𝑎𝑡,𝑏,𝑎𝑖

∆∆𝐸𝑗,𝑖

≅−

(𝑏)

1

𝛿𝐷𝑗

(𝑎 )
𝑓𝑖 𝑖

𝛿𝑓𝑗

(𝑏)

(𝑎 𝑏)

𝐶𝑖𝑗 𝑖

(3.10)

Based on the statistical energy calculated, users can generate a matrix of pairwise
correlation between positions in a protein sequence MSA. Accordingly, information
could be inferred from the matrix.(15)

3.4 Simulation Methods
Due to the difficulty of protein multiple sites mutation in wet lab and to further
investigate the mechanism of molecule selectivity, computer modelling and choose
molecular dynamics simulation methods are chosen to verify the water and glycerol
permeability in microscopic scale. As technique develops, many ways of MD
simulation and various force-field algorithms could be employed.
First of all, protein models should be established based on their real structures. In this
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work, proteins are obtained from PDB data bank, which provides most of the 3D protein
crystalized structures verified by experiments. Pymol 1.6 is used for molecule model
viewing, calculation of distance between residues or atoms, as well as residue mutations.
HOLE 2.0 is used for protein channel lumen verification as well as the lumen radius
determination. GROMACS 4.6.5 is employed as the platform to perform the MD
simulations.
Secondly, several MD simulation techniques are employed, including all-atom MD
simulation, umbrella sampling and replica exchange MD simulation, which will be
introduced in detail hereinafter.
3.4.1. Modelling and force-fields
Modelling is the very first foundation for MD simulation. Atoms are basic elements to
form ordinary matters. In MD simulation, researchers use 3D spheres of different size
and weight to represent various kinds of atoms or functional groups. Meanwhile,
different charges of atoms or functional groups according to experimental data are
applied on these spheres. These spheres are the basic units for simulation. And
according to whether the spheres represent atoms or functional groups, the simulations
could be divided to all-atom MD simulation and coarse-grained MD simulation.

Figure 3.2. Force field usually contains bonded energy, comes from bond, angles and torsions,
and non-bonded energy like electrostatic potential and Vdw potential.

Many kinds of interactions exist widely between atoms, including electrostatic forces,
van der Waals forces, as well as bonded forces. In order to make the models more alike
the natural molecules, another fundamental element to MD simulation is the
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representation of these interactions as a function of atomic coordinates. The interactions
are shown in the form of potential energy of the protein which could be represented by
the energy function supposed to be populated at thermal equilibrium in low energy
regions. The mutual interactions, or forces of atoms are related to this function, which
are commonly mentioned as force fields.(16)
The potential energy function which used for a typical force field usually have two parts,
the bonded energy and non-bonded energy. Apparently, bonded energy is named after
the energy comes from interactions between atoms connected by covalent bonds,
including bonds themselves, angles, as well as torsions (dihedral bond). Non-bonded
energy commonly includes electrostatic energy, van der Waals forces etc. Generally,
the function could be written as:

Etotal =Ebonded +Enonbonded =[Ebond +Eangle +Etorsion ]+[Eelectrostatic +Evan der Waals ]
(3.11)
The covalent bond energy Ebonded coming from the stretch of the atomic bond, which is
a harmonic potential that could be represented as kb(b-b0)2 for approximation. In this
representation, kb is the force constant, b is the real bond length and b0 is the ideal bond
length. Similar to the energy of bond, the approximate energy of angle and dihedral
angle could also be represented with similar function as kθ(θ-θ0)2 and kΦ(1-cos(nΦ).
Hence:

Ebonded = 𝑘𝑏 (𝑏 − 𝑏0 )2 + 𝑘𝜃 (𝜃 − 𝜃0 )2 + 𝑘𝛷 (1 − cos(𝑛𝛷))

(3.12)

The non-bonded energy terms could also be represented by such functions. According
to Coulomb’s law, the electrostatic potential between two atoms i and j, could be written
as:

Eelectrostatic =

𝑞𝑖 𝑞𝑗

(3.13)

𝑟𝑖𝑗

And the van der Waals interactions is often represented by Lennard-Jones 6-12
potential in modelling technique according to atom-dependent constant A and C. It is
usually written as:
𝐴𝑖𝑗

Evan der Waals = 𝑟

𝑖𝑗
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Therefore, equation (3.11) could be expanded as:
𝐸𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑘𝑏 (𝑏 − 𝑏0 )2 + ∑ 𝑘𝜃 (𝜃 − 𝜃0 )2 +
𝑏𝑜𝑛𝑑𝑠

𝑎𝑛𝑔𝑙𝑒𝑠

+

∑
𝑛𝑜𝑛−𝑏𝑜𝑛𝑑𝑒𝑑

∑ 𝑘𝛷 (1 − 𝑐𝑜𝑠(𝑛𝛷))
𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

𝑞𝑖 𝑞𝑗
𝐴𝑖𝑗
𝐶𝑖𝑗
[
+ 12 − 6 ]
𝑟𝑖𝑗
𝑟𝑖𝑗
𝑟𝑖𝑗

(3.15)

Recently, many force fields have been developed for different purpose of simulations,
including OPLS (17), AMBER (18), CHARMM (19), Gaussian (20), etc. Furthermore,
some associated techniques, such as umbrella sampling, are also popular choices for
computational modeling research.
3.4.2 All-atom molecular dynamics simulation and OPLS-aa force-field
All-atom MD simulation is one of the most commonly simulation methods nowadays.
Compared with coarse-grained simulation mentioned above, all-atom simulation has
much more degree of freedom, which exponentially increase the computing time.
However, the model represents all the atoms in one molecule, which makes the
simulation result more accurate. Furthermore, the details of mechanism in atomic level
could be studied much more intuitively. Therefore, in this work, GROMACS 4.6.5 (21)
and OPLS-all-atom force field (17) is employed for the investigation of protein channel
size and function in molecular detail.

Figure 3.3 Simulation systems used in this work. AqpZ or GlpF models are solved in a cubic
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simulation box with water model (Force-field: OPLS-aa) (Cyan: protein; red&white: water).

The models of E.coli AqpZ and GlpF are downloaded from PDB database with PDB
ID of 1RC2 (22) and 1LDA (23). These models are directly used as the original pdb
structure in GROMACS. The simulations are performed in an 8.66x8.66x8.66Å3 cubic
simulation box with spc216 water solvent model (24). To measure the protein channel
radius, HOLE 2.0 (25) is employed to measure the radius of lumen cross section along
the channel. According to previous studies, the narrowest part of proteins is the
selectivity filter.
3.4.3 Umbrella sampling
Umbrella sampling is a powerful technique used in physics and chemistry simulation.
Comparing with ordinary Monte Carlo sampling, umbrella sampling method is often
employed to improve the sampling of a system where its potential energy landscape
form hinders its ergodicity by one or more potential barrier. This method has better
ability to overcome the potential barrier(s) by applying a potential that could cancel the
influence of them.
A

B

Figure 3.4 Two cases of potential landscape. (A) No obvious energy barrier, sampling has
ergodicity. (B) Obvious energy barrier, sampling could only be limited in a small interval
without ergodicity.

To overcome these energy barrier, Torrie and Valleau first proposed this umbrella
sampling method in 1977(26) to apply a harmonic biased potential on the system along
the reaction to drive the system from reactant to product. Normally in umbrella
sampling, a series of windows along the reaction potential cover the intermediate steps
while an MD simulation is performed at each of them. With the applied biased potential,
the sampling could pass through the energy barrier and gain ergodicity, which makes
the sampling more accurate. In the analysis part, the effect of biased potential would be
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reduced by some other technique like Weighted Histogram Analysis Method (WHAM)
(27).

Figure 3.5 Schematic presentation of umbrella samplling across the potential energy landscape.

3.4.4 Replica exchange molecular dynamics (REMD) simulation
Replica exchange MD simulation is a cogent technique for protein folding research and
transition state identification in computational modeling, which attracts more and more
interest of researchers in the present. Generally speaking, because of the large amount
of local minimum states in the potential energy surface, it is difficult to achieve accurate
canonical distribution in low temperature by ordinary MD or Monte Carlo simulations
within complex systems such as protein systems. It means that a random walk on the
system potential surface is not applicable because of the numerous energy barriers.
REMD gives a solution to allow a random walk to go over these energy barriers and
have a much wider sampling of configurations by performing a generalized-ensemble
simulation based on non-Boltzmann probability weight factors. The REMD method
couples molecular dynamics trajectories with a temperature exchange Monte Carlo
process for efficient sampling of the conformational space. A series of non-interacting
copies, or replicas are run in parallel at temperatures ranging from low to high
temperature with desired temperature in the range, at which the replica can easily
surmount the energy barriers. Frequently, the configurations of neighboring replicas are
exchanged, and this exchange is accepted or rejected based on a Metropolis acceptance
criterion that guarantees the detailed balance. Normally, the period of exchange attempt
would be more than 1 ps but not too large. In this work, the exchange rate was set to be
0.2, which means the replicas would exchange every 2 ps gives an average time at a
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temperature of 10 ps.

Figure 3.6 A schematic presentation of how replicas exchange. Each color represents a parallel
simulation process, or replica. For example, for replica 1, after the first step, it exchange with
replica 2 and get accepted. This means that for the second step of simulation, it will take the
trajectory from replica 2 after the first step. However, the exchange after the third step is
rejected, so replica one will continue to use the trajectory from the third step to perform the
next step of simulation.

3.4.5 Potential of Mean Force
When doing simulation for research, it is always very useful to know the change of free
energy according to the reaction coordinate to investigate the details of reaction
pathways. Therefore, potential of mean force (PMF) is developed to characterize the
substrate’s free energy along the reaction pathway, indicating the reaction intermediate
stage, speed of transportation or selectivity. In liquid solvent state, the PMF between
two molecules (or particles) within a given separation r describes an average over all
the conformations of the nearby solvent.
A simple representation of PMF function A(r) could be:
𝐴(𝑟) = −𝑘𝐵 𝑇 𝑙𝑛𝑔(𝑟)

(3.16)

In the above equation, kB is the Boltzmann constant, T is the temperature, and g(r) is
the radial distribution function of the system.(28)
For protein transmembrane channel protein, PMF is a perfect measurement for the
investigation of transportation speed and permeability of small molecules passing
through the lumen. Therefore, to study the permeability of aquaporins and their mutants,
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it is very useful to employ PMF calculation. Through comparing the PMF regarding to
different small molecules in different channel of wild type, the molecule permeability
in mutants could be confirmed intuitively.
3.4.6 MARTINI Coarse-Grained MD simulation
MARTINI force field is a coarse-grained (CG) force field developed for reducing the
degree of freedom thus to enhance the computing speed and extend the simulation
longer (29). The model had been revised and updated for a few times since it was
developed. The central principle is “four to one mapping”. A four-to-one mapping is a
way used to represent the molecules in a simplified model, in which, on average, four
atoms are represented by one interaction center. Nevertheless, this rule is not restrictive,
as sometimes, it is appropriate to map three, five, or more atoms into one interaction
center. Hydrogen atoms are neglected because of their small size and mass. And for
ring structure, a different mapping is introduced as for benzene ring in Figure. 3.6B. To
keep the model simple, only four types of interactions sites are considered: polar (P),
nonpolar (N), apolar (C), and charged (Q). Each particle type has several subtypes,
which allow for a more accurate representation of the chemical nature of the underlying
atomic structure. The total number of subtypes is 18. Within a main type (P, N, C, Q),
subtypes are distinguished either by a letter denoting the hydrogen-bonding capabilities
(d=donor; a=acceptor; da =both; 0=none), or by a number indicating the degree of
polarity/apolarity (1-5, from the lowest to highest). The mapping of these subtypes is
shown in Table 3.1. (29, 30)
A

B

Figure 3.7 Types of interaction centers in MARTINI CG model (L). Mapping of different
chemical structures in CG model. (29)
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The force field potential function is in general similar to that of all-atom force field but
with change of some constant variables. Bonded interactions between chemically
connected sites are described by a weak harmonic potential 𝑉𝑏𝑜𝑛𝑑 (𝑅) with an
equilibrium

distance 𝑅𝑏𝑜𝑛𝑑 = 𝜎 = 0.47𝑛𝑚 and

a

force

constant 𝐾𝑏𝑜𝑛𝑑 =

1250𝑘𝐽𝑚𝑜𝑙−1 𝑛𝑚−2 :
1

𝑉𝑏𝑜𝑛𝑑 (𝑅) = 𝐾𝑏𝑜𝑛𝑑 (𝑅 − 𝑅𝑏𝑜𝑛𝑑 )2
2

(3.17)

Similarly, another weak harmonic potential 𝑉𝑎𝑛𝑔𝑙𝑒 (𝜃) of cosine type is used for the
angles with 𝜃0 = 180° and 𝐾𝑎𝑛𝑔𝑙𝑒 = 25 𝑘𝐽𝑚𝑜𝑙−1 𝑟𝑎𝑑−2 :
1

𝑉𝑎𝑛𝑔𝑙𝑒 (𝜃) = 𝐾𝑎𝑛𝑔𝑙𝑒 [cos(𝜃) = cos(𝜃0 )]2
2

(3.18)

The non-bonded interactions between interaction sites i and j are also described by the
shifted Lennard-Jones (L-J) 12-6 potential energy function:
𝜎𝑖𝑗 12

𝑈𝐿𝐽 (𝑟) = 4𝜖𝑖𝑗 [( )
𝑟

−(

𝜎𝑖𝑗 6
𝑟

) ]

(3.19)

with σij representing the effective minimum distance of approach between two particles
and ϵij the strength of their interactions. The strength of the interaction, determined by
the value of ϵij , is summarized in Table one for all possible interaction pairs. Ten levels
of interaction are defined as follows: O, ϵ = 5.6 kJ/mol; I, ϵ = 5.0 kJ/mol; II, ϵ = 4.5
kJ/mol; III, ϵ = 4.0 kJ/mol; IV, ϵ =3.5 kJ/mol; V, ϵ = 3.1 kJ/mol; VI, ϵ = 2.7 kJ/mol;
VII, ϵ = 2.3 kJ/mol; VIII, ϵ = 2.0 kJ/mol; and IX, ϵ = 2.0 kJ/mol. The LJ parameter σ
=0.47 nm for all interaction levels except level IX (repulsion between charged Q and
apolar C1 & C2), for which σ =0.62 nm.
In addition to the LJ interaction, charged groups (Q type) bear a full charge 𝑞𝑖,𝑗
interacting via a shifted Coulombic potential energy function:
𝑈𝑒𝑙 (𝑟) =

𝑞𝑖 𝑞𝑗
4𝜋𝜖0 𝜖𝑟 𝑟

with relative dielectric constant 𝜖𝑟 =15 for explicit screening.
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Table 3.1 Mapping of subtypes and interactions between subtypes in MARTINI model. (29)

The MARTINI simulations described in this work were performed with the
GROMACS simulation package version 4.5.5 (21). This model is designed for use close
to room or physiological temperatures. In the simulations the non-bonded interactions
are cut off at a distance rcut = 1.2 nm. To avoid generation of unwanted noise, the
standard shift function of GROMACS is used in which both the energy and force vanish
at the cut off distance. The LJ potential is shifted from rshift = 0.9 nm to rcut , while
electrostatic potential is shifted from rshift = 0nm to rcut . Shifting of the electrostatic
potential in this manner mimics the effect of a distance-dependent screening. A smaller
time step of 30-40 fs is employed for stability instead of 50 fs for most systems. The
parameters and example mdp files used for MARTINI coarse-grained GROMACS
simulation are available at http://md.chem.rug.nl/marrink/coarsegrain.html.
A total number of 12 interaction centers are utilized to represent a single DPPC
molecule with 51 atoms excluding hydrogen atoms (Fig 3.8). According to the previous
study (31), the area per lipid for DPPC at 323 K is 0.65 nm2. The solvent used in the
simulation is water and is also represented by one CG interaction center.
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Figure 3.8 MARTINI CG model of DPPC and water. (30)

Generally, the beginning state of a simulation would be that a number of DPPC CG
molecules are randomly distributed in a simulation box with the solvent water. All the
simulations took place in the NpPT ensemble with constant particle number Np,
pressure P and simulation temperature T. All the MARTINI simulations in this work
were performed at T = 323 K and P = 1 Bar. At this state point, DPPC remains in the
biological relevant fluid state. The time step is set as 30 fs, and the output frequency is
30 ps-1. The graphical imaged presented in this work were prepared using VMD(32).
3.5 Network theory
As ancient philosophers said, everything in the world is connected. Therefore, using
network theory in scientific research has become not only a popular tool but also the
trend. Network theory has been widely employed in many fields since the internet was
invented and popularized.
Every natural network has its own pattern, no matter it looks random or regular. To
categorize these networks according to their patterns, several parameters that represent
the characteristic of networks are defined, including degree, betweenness, closeness,
clustering coefficient etc.
Among these categories of networks, scale-free network is one of the most popular
networks in scientific studies. Scale-free network model was first proposed by AlbertLászló Barabási et al. in 1999.(33) It is defined as a kind of networks whose degree
distribution follows a power law, at least asymptotically. That is to say, the fraction P(k)
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of nodes in the network having k connections to other nodes have the relationship as:
P(𝑘) = 𝑐𝑘 −𝛾

(3.21)

where c is a constant and γ is a parameter whose value is typically in the range 2 < γ <
3. Generally speaking, in scale-free network, most of the nodes have few links, while
only a small number of the nodes have numerous links with the others, which are called
“Hubs”. Scale-free networks are often seen in our daily lives, including both natural
and human-made systems, such as airline networks, citation networks and some society
networks. Scale-free network is also a representative of hierarchical network, in which
the hubs are considered to possess higher hierarchy.

Figure 3.9 A typical scale-free network and its node degree power-law distribution.

In this work, networks are established based on the SCA matrix (mentioned as SCA
network herein after) from analyzing AQP and AQGP protein families. In the SCA
network, residues (nodes) are connected by the SCA scores (edges). And if a pair of
residues have no or very little correlation, which means the SCA score is 0 or close to
0, they are considered to be not connected. The pairs of residues with highest correlation,
which could be considered as ‘critical pairs of residues’, are selected and constitute new
set of networks. Through analyzing the pattern of these networks, critical residues and
their correlated ones could be identified. However, the information from SCA networks
is not sufficient for understanding the selectivity mechanism as well as intramolecular
interactions and might give unnecessary noise. Therefore, to analyze the intramolecular
interactions and to narrow down the data to channel function related information,
combining SCA information with analysis of protein 3D structure is necessary.
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Chapter 4
Structural Context of Selectivity Filter of AQP/AQGP and
Residue Clusters Affecting Molecule Selectivity

Earlier attempts to induce glycerol permeation to E.coli Aqp Z by different
single site mutations did not obtain the expected result. It is unlikely that
any single mutation can render the expected substrate selectivity change
considering the chain interactions between the pore forming residues. This
chapter presents the use of statistical coupling analysis (SCA) analysis to
detect co-evolved pairs of residues is implemented to analyze the two sub
groups of the aquaporin family. Combined with structural analysis,
networks of highly coupled pairs are established for each group. The
functions of these sites involved in selectivity are analyzed. Based on the
comparison of residues in Aqp Z and Glp F in structural level, some
possible co-mutation sites near selectivity filter (SF) region, C-loop as well
as M6-M7 linker part are proposed.
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4.1 Introduction
Generally, aquaporin is a family of transmembrane channel proteins that are involved
in water transportation through the cell membrane(1). According to molecule
permeability, aquaporin could be divided into two groups, AQP and AQGP, with the
specificity of water and glycerol respectively(2, 3).
In current research on aquaporin, researchers have paid much attention to the difference
between AQP and AQGP. They would like to discover the secret of the key that creates
a difference between two groups of proteins which share a high percentage of sequence
identity and structure. Furthermore, to manipulate the molecule selectivity of
permeation mutually is also a hot topic in aquaporin research.
Mutation is the main procedure of protein engineering and protein design nowadays. In
aquaporin protein engineering research, many studies have aimed at changing the
functionality of aquaporins by introducing mutations to modify the local structure of
the channel or the selectivity filter. However, many of the trials did not produce the
expected results because of the undesired conformational change or other
physical/chemical alternation. Therefore, it is very important to consider the protein as
a whole complex system, in other words, to analyze the whole picture.
Statistical coupling analysis (SCA) (4) combined with network analysis could be one
of the techniques for predicting possible mutation site for function conversion. The
SCA method is originally designed for identifying co-evolving residues in a protein
family and will give indication of residues interactions purely through sequence
analysis. By analyzing these co-evolved sites, some information of hidden connections
between specific sites could be obtained that could not be discovered through single
site conservation analysis. This technique has been successfully applied in some
research so far, including de-novo protein structure prediction (5) as well as
identification of motifs that mediate protein allosteric communications (6).
Inspired by the previous mutation experiment on Aqp Z, it would be promising to
investigate the evolutionary connections between residues of aquaporin family proteins
to get further details of the water/glycerol selectivity mechanism at the molecular level,
and to give some other possible co-mutation sites for Aqp Z to gain the glycerol
permeability by using SCA of treated bacteria AQP/AQGP sequences as well as
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network construction and analysis. In protein research, although the evolutionary
hidden patterns between amino acids in protein families were sometimes overlooked,
they may result in many severe consequences. It is hoped that through this study,
dealing with these hidden connections would be much more easier and a general
procedure to tackle mutation determined dysfunction type of bio-medical obstacle
could be provided.

4.2 Principle Outcomes
In the previous coupling study of aquaporin family proteins conducted by Lin Xin et al.
(7), aquaporin sequences from all species were analyzed. In this study, in order to avoid
the noise due to the unbalanced nature of different species, we choose only bacteria
aquaporin sequences for investigating the detail of molecule conductivity.
The data set of 305 bacteria aquaporin protein sequences (including 220 AQPs and 85
AQGPs) treated after multiple sequence alignment was obtained by Lin Xin et al.(7),
each sequence has 192 columns (or positions). For convenience, the residues of these
positions will be represented by their corresponding residues in Aqp Z and Glp F, the
two typical structures of AQP and AQGP. Detailed cross reference table is stated in
appendix.
4.2.1 Single site conservation analysis
In AQGPs, there are only 8 highly conserved sites, including two NPA motif and two
other sites (Gly96 in M4 & Arg206 in M7), with threshold of conservation rate being
90%. Orthodox aquaporin appears to have much more highly conserved sites. With the
same threshold, 46 highly conserved positions were identified in orthodox aquaporin,
including all 8 conserved positions appeared in AQGPs with identical most frequent
amino acid. The only conclusion we could get from single site conservation analysis
from single site conservation analysis is that AQPs have much more stable sequence
than AQGPs have.
4.2.2 General network analysis of Aquaporin results
An SCA network of bacteria aquaporin proteins including both AQPs and AQGPs has
been generated. An 192x192 SCA score matrix is acquired after the analysis. (Fig 4.1)
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The matrix is transferred into a network with 192 nodes and 18528 non-redundant links
(not shown).
Low

High
Figure 4.1 The multiple sequences alignment (MSA) gives a set of sequences with 192 columns
each. An192x192 matrix was given by SCA with 18528 non-redundant couples, represented in
Figure 4.1, the SCA score are represented by gradient color from high to low, the dot i j,k
represents the SCA score of two positions j and k. The value increases evenly as right shows.

The degree distribution analysis of this network shows an exponential decrease of
frequency count of pairs as the correlation strength increases, which elucidates that
most of the positions are not correlated (low value of SCA score), and only a few pairs
of positions are statistically coupled. Furthermore, even if a cut-off value of 1.0 is set,
which excluded 16605 weakly correlated pairs, the degree distribution still suggests a
power-law-like distribution, with the power law function of y = 16.204x −0.804 and the
correlation factor of 0.817. Therefore these results insinuates that the correlation
network of bacteria aquaporin family proteins have a scale-free property (8). In scale
free network, the most correlated nodes, or hub nodes are critical to the whole network,
thus the equivalent amino acids would be important for either structure or function of
proteins.
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Figure 4.2 A) Distribution of correlation strength. Frequency of coupling connections are
counted in the interval of 0.1. The relationship between frequency counts of coupling

connections and correlation strength is shown. It reveals that in Aquaporin, only a few
couples of positions have high correlation while most of the positions have very weak
or almost no correlation. B) Degree distribution of SCA network with threshold of 1.0.
To get further information of critical positions as well as how they could contribute to
the difference between AQPs and AQGPs, the SCA networks of AQPs and AQGPs
with only top ranked correlation pairs of sites are established and analyzed respectively.
Cytoscape 2.8.2 (9, 10) is used for network construction and network properties
calculations.
4.2.3 Analysis of networks formed by strongly coupled positions of AQPs
To identify the critical positions of the proteins, we chose only the correlation pairs
with highest scores to establish a much smaller network (referred as “SCA network”).
For the AQPs, we selected 50 correlation pairs of positions with the highest SCA scores
(>1.84) with twenty-three positions in total (Fig 4.3). Two residues, Trp14 and Trp209,
appeared to be critical to this network with the highest degree and betweenness
centrality value of 0.61 and 0.22 respectively. For the other nodes, the value was less
than 0.1. This smaller network formed by strongly correlated positions of AQPs also
displays the scale-free hierarchical pattern (8).
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W209

W14

Figure 4.3 Top ranked SCA network and critical residues identification in tetramer structure of
AQPs. (A) Sequences alignment of AQPs of different species with critical residues highlighted
in red color. (B) SCA network of 50 top scored pairs of positions in AQPs, represented by
equivalent residues in Aqp Z, Trp14 and Trp209 are the two residues which have the most
connections (in dash boxes); (C) Tetramer structure of Aqp Z (PDB ID: 1RC2), Trp14 and
Trp209 represented by colored spheres, Trp209 locates in the peripheral part of the tetramer
which could act as anchor to reduce the immobility of the structure, while Trp 14 locates in the
region that close to the adjacent monomer, which makes it possible that it might be structurally
important for tetramer formation and stabilization

For Trp14 in Aqp Z, in the structure of Aqp Z monomer, its function for water
selectivity could not be identified because the residue locates in the peripheral part and
is relatively distant from the selectivity filter as well as the transporting channel.
However, when put in to the tetramer, it is discovered that Trp14 in M1 of each
monomer is the only residue which is close to M5 and M6 of its adjacent monomer
(<5.5Å) (Fig. 4.3). Thus, it implies the contribution of this residue to the formation or
stabilization of tetramer configuration. In Glp F, the corresponding residue is Leu20,
which is a chained residue instead of a ring-structured residue. No important function
could be estimated for this residue either in monomer or tetramer.
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Trp209 in Aqp Z also locates in the peripheral part of protein. Unlike Trp14, Trp209
could be considered as one of the neighbors of the NPA motif since the distance
between Trp209 and Pro187 (one of the residues in NPA motif) is only ~3Å, which
makes it possible to stabilize the NPA motif by forming a T-shaped π stacking (11).
Furthermore, Trp209 is also close to the gate residue Arg189 of SF, and in contact with
The191 of M7 to stabilize the structure of SF. According to some of previous studies,
Tryptophan could also act as anchor residue to the lipid membrane (12). Hence it is also
possible that Trp209 in Aqp Z would have contributions for protein immobilization. In
Glp F, the equivalent residue is Leu237, followed by residue Pro236, creates certain
flexibility after the tight turn. The structural analysis of Pro236 in Glp F will be
mentioned in the later part as well.
4.2.4 Analysis of Top ranked correlation pairs SCA networks of AQGPs
Similarly, for the AQGPs’ SCA results, 50 correlation pairs of positions with the
highest SCA scores (>1.84) with twenty-nine positions in total are selected. This
network is constituted by a main network and two separate correlation pairs. (Fig. 4.4)
Among the 25 positions in the main network, all the four residues which form the
selectivity filter are found to be appeared, which are equivalent to Trp48, Gly191,
Phe200 and Arg206 in Glp F.
Meanwhile, some other important positions, which contribute to the selectivity also
appears in this network, including Phe135, Thr137, Asp207, Lys211 and Pro236 in Glp
F. Phe135 and Thr137 are considered as the highly conserved FST triad motif locates
on C-loop which is near the SF (13), while the mutation of this motif might cause loss
of water permeability (14). Asp207, Lys211 and Pro236 were identified to have
different physio-chemical properties in AQP and AQGP respectively (15). A double
mutation of equivalent residues of Pro236 and Leu237 in an insect aquaporin led to the
gain of glycerol permeability but the loss of water permeability (16). These residues
also locate near Arg206, which is suggested to be involved in gating mechanisms (17),
and the interactions between them and nearby residues help to stabilize the Arginine
side-chain’s point-up orientation in order to keep the channel open for passage of
molecule (18).
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Figure 4.4 Top ranked SCA network and critical residues identification in structure of AQGPs.
(A) Sequences alignment of AQGPs of different species with critical residues highlighted in
red color. (B) Top 50 scored pairs of nodes represented by equivalent residues in Glp F. Three
major clusters could be observed from this network (Pink, Blue and Dark yellow), which also
reflected in the structure. SF residues are labeled in purple and residues close to SF region
(distance < 10Å) are labeled with dark yellow. (C) Critical residues in Glp F 3D structure (PDB
ID: 1LDA), represented in sticks of different colors with respect of different clusters. Channel
lumen is represented by marine dots.

However, some of the other nodes, Lys83 in Glp F, locate in the connecting part of M3
and M4, have no physical contact with the selectivity region as it locates in the
intracellular part of this protein in the cell. Although the real function of such residue
is not clear, since it locates far from the SF, it could be believed that these nodes would
not directly engage in water/glycerol selection. Likely, 14 nodes would be excluded as
they locate at least 3 amino acids away (>10Å) from the SF. The remaining 15 nodes
and their equivalent amino acids would be the main objects for this study.
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4.2.5 Comparison of results of DQC methods and SCA network analysis
With the data of critical positions generated from Dynamic Quantum Clustering (DQC)
method, provided by Prof. Marvin Weinstein, the results could be compared.
In the DQC report, position 38, 103, 137, 155, 161, and 173 are identified as the most
important sites to differentiate AQPs and AQGPs (corresponding residues indicated in
Table 4.1). For position 137, in AQPs, 80/85 of this site is Isoleucine, while in AQGPs,
73/220 of this site is Isoleucine and 115/220 of this site is Valine. Due to the similarity
of Isoleucine and Valine in both chemical and structural aspects, it is suggested that
there would be no difference between AQPs and AQGPs in position 137. For other
positions, significant difference in amino acid mutation between AQPs and AQGPs is
suggested. These sites are also suggested as first candidates of co-mutation sites in the
SCA network analysis as well. Therefore, the DQC result helps us to double check the
results from SCA and also narrows down to some of the important residues. Although
not all the positions got from DQC and SCA are exactly identical, it is believed that the
two methods were consistent in co-mutation sites prediction to some extent.
Combined the mentioned two procedures, 15 residues including the SF residues that
could affect pore size determination and thus the substrate selectivity are retained.
These residues locate in various regions in the protein secondary structure. The overall
identifications of position numbers and critical residues that might affect the selectivity
filter pore size are represented in Table 4.1.

Table 4.1. Cross reference table of positions and their equivalent residues in Glp F and Aqp Z,
the locations of these residues in protein are presented in the last column. The proposed
mechanisms of how they affect the SF pore size are discussed in the following parts.
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Position
number
38
145
154
160
155
161
164
165
168
101
103
149
153
171
173

Equivalent residue in
Glp F
Trp48
Gly191
Phe200
Arg206
Ala201
Asp207
Pro210
Lys211
Ala214
Phe135
Thr137
Gly195
Gly199
Leu234
Pro236

Equivalent residue in
Aqp Z
Phe43
His174
Thr183
Arg189
Ser184
Ser190
Val193
Ala194
Gln197
Ala117
Asn119
Ile178
Asn182
Trp206
Phe208

Chapter 4

Locations in protein
Selectivity filter
residues

Close to SF in protein
sequence

C loop
M6-M7 linker
Starting region of M8

4.2.6 Replica Exchange Molecular Dynamics (REMD) simulations of mutated Aqp Z
and Glp F models
The replica exchange molecular dynamics simulation is a powerful tool invented to
sampling different protein configurations, normally used to study the protein folding
pathways (19). It could also be used for sampling the stable structure since REMD could
sample a larger energy phase by passing the energy barrier comparing with traditional
simulation (20). To prove the validity of the hypothesis and verify the influence of these
residues to the local molecular configuration of SF, a set of REMD simulations are
conducted in order to get the stable structures of Aqp Z mutant (referred as mAqpZ)
with the above-mentioned residues substituted by the corresponding ones and Aqp Z
mutant with only SF residues mutated, as well as the normal simulation of original
structures. The original source structures of these two proteins are crystal structures
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from PDB (PDB ID: Aqp Z – 1RC2; Glp F – 1LDA). A series of short MD simulations
(~1 ns) was conducted on Aqp Z, Glp F, mAqpZ and the Aqp Z mutant from previous
research (PDB ID: 3NKC). The Aqp Z mutant with identified residues mutated were
created from the original Aqp Z structure by manually mutation via Pymol 1.5
(21).These proteins were solvated in cubic water system and embedded in a lipid bilayer
consists of 116 DPPC molecules. Both normal and replica exchange MD simulation
was executed with simulation package GROMACS 4.6.5 (22) for 1ns under NVT with
periodical boundary condition. The conventional simulations were performed with the
temperature of 300 K. A total number of 16 replicas were used with temperature from
300-500 K, which are 300, 311, 322, 334, 346, 358, 371, 384, 397, 411, 425, 439, 454,
469, 484, 500, respectively.
B
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Figure 4.5 Channel radius of 3NKC, AqpZ, GlpF and mAqp Z along channel axis. (A)Channel
radii determined by HOLE2 for all proteins plotted as a function of channel axis (z direction)
position. Protein 3NKC (marine) which mutated only the SF residues has the smallest pore size.
The mAqp Z (pink) with all the above-mentioned residues mutated get a pore size comparable
with the Glp F channel (blue) but larger than that of original Aqp Z (red). (B) SF of Glp F
(green) and mAqp Z (cyan). The channel sizes of them are comparable (orange) while the
configurations of the SF residues are similar as well, indicates that the co-mutations might have
effect on the SF configuration and pore size determination. (C) SF of Aqp Z (green) and 3NKC
(cyan). The SF pore size of 3NKC is slightly smaller than that of original Aqp Z, indicates that
it is not sufficient to enlarge the SF pore by only mutating the SF residues.
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HOLE2 (23) is utilized to determine the radius of channels of the proteins, including
original crystal structures and the structure with SF residues mutated after MD
simulation, and structures of mAqp Z. This program reads atoms from the pdb file and
sets up a van der Waals radius for each and use a Monte Carlo simulated annealing
method to determine the largest available radius in every cross section along the channel.
The SF pore sizes (represented by the narrowest channel radius along the channel) of
the Aqp Z mutant with mutation of only SF residues (0.513 Å) is smaller compared
with that of original Aqp Z (0.596 Å), which was shown in a previous study (18).
However, it is found that the pore size of mAqpZ (0.975 Å) is much larger than that of
original Aqp Z; in contrast, it is closer to the pore size of Glp F (1.230 Å) with RMS of
0.411 Å. Furthermore, the configurations of SF residues in mAqpZ and Glp F are
similar (Fig 4.5). Meanwhile, no π-stacking could be observed between Trp43 and
Phe183. These promising results of simulation show that the co-mutation sites
identified in this study do contribute to the SF pore size determination by affecting the
local molecular configuration.
4.2.7 Potential of Mean Force Calculation
To further verify the validity of predicted mutation sites, a set of PMF calculation is
performed. The conditions are basically identical to REMD simulation performed
previously. In this set of simulations, an individual water molecule or glycerol molecule
was placed at the entrance region of the lumen in the start. Harmonic forces along the
channel direction (pull_coord_k = 1500kJ/mol·nm2) was applied on the molecules and
pulled them to pass through respective protein channel. Trajectories were obtained from
these simulations, and 80 windows (~1 Å each) were selected for further usage. For
each window, an umbrella sampling simulation was performed to characterize the free
energy landscape of this window. After the set of simulation was done, WHAM method
was utilized for generating a PMF curve.
As in Fig. 4.6 shows, the Aqp Z mutant also shows good permeability of both water
and glycerol molecules. The peak potential required for glycerol permeation of Glp F
and Aqp Z mutant is ~10 kcal/mol and ~5 kcal/mol, respectively. It reveals that glycerol
is more favorable to pass through the Aqp Z mutant channel comparing with Glp F. For
water passage, the Aqp Z mutant also requires lower potential (~3 kcal/mol) comparing
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with that of Glp F (~8 kcal/mol). The PMF calculation suggests that with the predicted
sites mutated, the Aqp Z mutant shows favorable permeation functionality to both water
and glycerol molecules.

B

SF

A

SF

Figure 4.6 PMF along z-axis of Glp F (black) and Aqp Z mutant (blue) of glycerol and water
passage. The positions of glycerol/water (red &white) in channel protein (cyan) along z-axis is
shown below the graph. For glycerol transportation (A), the highest potential required to pass
through the channel is ~10 kcal/mol for Glp F, but only ~5kcal/mol for Aqp Z mutant. For water
transportation, the highest potential required to pass through the channel is ~8 kcal/mol for Glp
F and ~3 kcal/mol for Aqp Z mutant. The PMF calculation reveals that the Aqp Z mutant shows
excellent permeability to both glycerol and water molecules.

4.3 Discussion
4.3.1 Additional residues should be mutated based on the SF mutation
In order to induce glycerol permeability to Aqp, the strategy is to make the pore size
larger but keep the original constitution and hydrophobicity states (18). The mutations
of only SF molecules are proved to be not successful. Therefore, besides the SF residues,
some additional co-mutation sites are proposed based on the REMD result and discuss
in detail the molecular mechanism of the SF enlargement.
4.3.2 Suggested additional co-mutation sites close to SF region
Among these residues, the function of Asp207 would be considered to be keeping
channel in open state. The strong electrostatic attractive force from Asp207 side-chain
drags C loop close to M7, thus keep the orientation of Arg206 side-chain point to the
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extracellular part. The close contact of C loop and M7 as well as the orientation of
Arg206 make the pore size larger comparing with the pore size of Aqp Z. In Aqp Z, the
equivalent residue is Ser190, which provides much smaller dragging forces without
electric charges. Meanwhile, the carboxyl group of Asp207 also provides electrostatic
attractive force (4.3Å) of the amide group of Arg206 towards the M7, which further
contribute to the expansion of SF in Glp F. (Fig 4.7A)
Ala201 in Glp F, which is also in most of the bacteria GLP proteins (168/220), located
adjacent to Phe200, part of SF; while in Aqp Z, the equivalent residue is Ser184 as in
most of the bacteria AQP proteins (82/85). In both Glp F and AQP Z, these two residues
both have close contact with the same equivalent residue – a Glutamic acid locates in
M5. (Fig 4.7B) The interaction drags the structure of M5 towards the lumen center. But
the interaction of this residue with adjacent residue is difference between Glp F and
Aqp Z. In Aqp Z, Ser184 is also in contact with Ser190, located in M7, forcing the helix
move closer to the lumen and thus decrease the size of SF. Furthermore, as a hydrogen
bond acceptor, Ser184 plays an important role in water transportation. Whereas the
equivalent residue Ala201 in Glp F cannot form hydrogen bond with water because of
its hydrophobicity, thus water could not pass through Glp F efficiently with the
interrupted water permeation pathway facilitated by a series of hydrogen bonds.
In Glp F Lys211 and Ala214 locate near Arg206 of SF, equivalent to Ala 194 and
Gln197 in Aqp Z and Glp F. Lys211 interacts with Asp207 via electronic attractive
force, which causes the direction of carboxyl group to point to the extracellular side.
As mentioned before, Asp207 attracts the amide group of Arg206 in Glp F. Therefore,
Glp F Lys211 indirectly contributes to the tilting orientation of Arg206. On the other
hand, by having Ala214 instead of the larger size Gln197 in the equivalent position in
Aqp Z, Glp F maintains the bulkiness of the structure nearby, regardless of the large
size of Lys211 (Fig 4.7C).
Another residue, Pro210 in Glp F, locates near Asp207 and Lys211. It makes a tight
turn for the helix. The unique rigidity of proline makes the nearby structure less flexible
and fixes the position of Asp207 and Lys 211 to some extent. Hence the “gate” of SF
will keep opening due to steady electrostatic attraction as well as rigid structure. Instead
of proline in Glp F, the equivalent residue in Aqp Z is Val193. Together with Ala194,
these two residues don’t have such influence on the permeability of SF.
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Figure 4.7 Comparison of equivalent residues in structures of Aqp Z and Glp F near SF. (A)
Asp207 side chain electrostatically attracts Arg206 of SF in Glp F, causes the side-chain of
Arg206 always points to the exocellular (Left), while the equivalent residue Ser190 side chain
locates relatively distinct from Arg189 in Aqp Z, the side-chain of Arg189 then reduce the pore
size of SF (Right), the channel lumen was represented by light-blue-color dots. (B) Ala201
(spheres) has polar interaction with Glu 152 but locates distinct from Asp207 in Glp F (Left),
while the equivalent residue Ser184 (spheres) has polar contact with Glu138 as well as Ser190
in Aqp Z, which could make the structure more compact (Right). (C) Superposition of structures
in helix M7 in Glp F (Green) and Aqp Z (Magenta) with critical residues highlighted. In Glp F,
K211 attracts D207 with the rigidity provided by Pro210, which further stabilize the orientation
of Arg206 side-chain, while Ala201 help to maintain the bulkiness of the structure.

In the starting region of M8, Pro236 in Glp F would be another important residue
influencing the selectivity. Proline often plays a role as disruptor of protein regular
secondary structures due to its cyclic side-chain which locks one of the dihedral angles
at -60°. In this case, the Pro236 in Glp F here disrupts the α-helix of M8 and makes the
structure more flexible while the M8 helix in Aqp Z remains stable with the equivalent
residue being Phe208. Hence it may also appear as an important contributor to the larger
pore size of Glp F. A study showed co-mutated equivalent residues of insect aquaporin
AQPcic (Y&W in that case) made the protein lose the water permeability but gain the
ability to conduct glycerol (16). Combined with the importance of Phe209 mentioned
earlier, it may imply that in the insect mutation study, mutation of Phenylalanine could
be the reason why the protein lost water permeability, while the mutation of Tryptophan
could be the reason why it gains the glycerol permeability.
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Figure 4.8 Function of position 173: Pro236 breaks the secondary structure of M8 in Glp F
(Left), Phe208 does not affect the secondary structure in Aqp Z (Right)

4.3.3 Suggested mutation residues in C-loop and M6-M7 linker
The importance of C-loop and M6-M7 linker in delivery of water/glycerol was also
emphasized in a previous study (18). C-loop is always a complicated part for alignment
because the variety of loop part is huge between proteins even in the same family of
proteins. However, it is counted that in this data set, the average C-loop length in AQPs
was 5 amino acids shorter than that in AQGPs. This suggests that in AQPs, the structure
will be more compact due to the shortness of C-loop comparing with the structure in
AQGPs. Hence the pore size of AQPs would be smaller than that of AQGPs.
Speculated from the top-ranked SCA network of Glp F, the Phenylalanine and
Threonine of the FST triad, which is a highly conserved motif in the aquaporin family
protein in C-loop (24), are neighbors connected to Phe48 and Asp207. Phe135 possibly
contributes to the gating mechanism by stabilizing the orientation of the tail of Arg206
through interacting with electrostatic forces. Meanwhile, although Thr137 does not
directly contact with Arg206, it has electrostatic interactions with Asp207 (2.6Å) to
lead the orientation of its side chain point towards to the extracellular part of the protein,
which indirectly affect the orientation of Arg206 side chain. (Fig 4.9A) Therefore some
of the residues in C-loop would also contribute to the SF pore size enlargement in
AQGPs to some extent. On the other hand, the aligned positions of Phe135 and Thr137
in Aqp Z, which are Ala117 and Asn119, both have electrostatic interactions with
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Arg189. (Fig 4.9B) However, these interactions cannot pull the Arginine side chain
upwards without the help of other residues.
Leu234 in Glp F, locates near C-loop region of the structure, reduces the space in this
region and create more flexibility of resides locates in C-loop by reducing the πstacking interactions between ring-structured amino acids around. Furthermore, in Aqp
Z, the equivalent residue Trp206 with similar bulky residues nearby, which are Phe207,
Phe208 and Trp209, further squeeze the space to make the structure more compact near
C-loop as well as in SF, limits the size of permeable molecules. (Fig 4.9C&D)
A
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N119

T137

3.8

5.9

3.0

T137

2.4

6.0

4.7

3.7
3.8

F135

R189

R206
D207
R206

D

C

L234
W206

Figure 4.9 Interactions of C-loop residues with Arginine gate of SF in Glp F. (A) In Glp F,
Phe135 attract R206 to make the carboxyl group point up to the extracellular direction, while
Thr137 could not interact with R206 but D207 (left corner), which contribute to the point-up
orientation of R206; (B) In Aqp Z, Ala117 and Asn 119 both interact with R189, no point-up
orientation of R189 side was observed; (C) (D) Leu234 in Glp F instead of Trp206 in Aqp Z
reduces the bulkiness of the nearby region and creates more flexibility for C-loop (orange).

Last but not least, another two Glycine residues in Glp F, locate in the turns of M6-M7
linker, and are also neighbors connected to Asp207 in the SCA network of AQGPs (Fig
4.10). These two residues, Gly195 and Gly199, are followed by F200 of SF, also being
the starting residue of M7 in aquaporin family proteins. Nevertheless, no interactions
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(H-bonds, electrostatic interactions) between these two residues and SF residues are
observed. It was explained in the previous research (18) that these two residues in Glp
F, instead of Isoleucine and Asparagine in Aqp Z, reduce the bulkiness of the structure
of M6-M7 linker, which makes the structure much more flexible. The flexibility also
breaks the π interactions between Phe200 and Trp48, which was considered to be
another “hidden gate” of this channel in a recent study (25). Meanwhile, the bulky M6M7 linker makes Thr183 obtain a highly-constrained structure, led to the strained
structure of SF in Aqp Z as well. Furthermore, unlike Asn182 in Aqp Z, which acts as
a hydrogen bond acceptor in the permeation pathway (25), Gly199 could not form
hydrogen bond with water in Glp F. It further suggests the importance of M6-M7 linker
in water selectivity.

G195

I178

N182

G199
F200

T183

Figure 4.10 Critical residues located on M6-M7 linker. G195 and G199 in Glp F (Left) reduce
the bulkiness of the turning region and create more flexibility comparing with I178 and N182
in Aqp Z (Right).

In this study, it is suggested that the residues in C-loop as well as in M6-M7 linker in
this section are clearly further contribute to the enlargement of SF size pore besides the
residues mentioned in previous section. However, it reveals that these residues were
possible but not the necessary co-mutation sites for changing the water/glycerol
conductivity, because the effect is suggested to be indirect while the coupling was also
indirect to the SF residues.
4.4 Conclusion
In summary, an SCA analysis is demonstrated to identify the critical residues from
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highly correlated pairs of residues in bacteria orthodox aquaporin as well as in the
aquaglyceroporin proteins, by analyzing MSA treated bacteria aquaporin protein family
sequences. Possible co-mutations sides for Aqp Z to introduce the function of glycerol
permeability besides the SF residues are also predicted after selecting close evolutional
contact positions with SF residues combining with structural analysis. Dynamic
quantum clustering method is conducted to narrow down and exclude less-important
residues. These co-mutation sites, locating near the SF, might contribute to size
determination of channel lumen as well the SF pore. A molecular dynamic simulation
proves that the group mutation of these residues in E. coli Aqp Z do enlarge the SF pore
size by changing the local structure to Glp-like configuration. In vivo/vitro experiment
should be done to verify the influence of these mutations to protein folding process for
future research.
The combination of SCA analysis and network construction and analysis had been first
used in protein research. The prospect of blind, higher dimensional sequence analysis
for finding the functionally adapted mutants seems feasible. Previous research
regarding protein mutagenesis were mostly based on multiple sequence alignment and
single site conservation analysis. Thus, the evolutionary connections between residues
might be underestimated although they might more or less help key residues either
structurally or functionally. More generally, this study suggests a new point of view in
protein studies, as well as protein design, which is that either structural or correlation
network analysis could be further utilized in protein research. Some pilot structural
network analysis on proteins, had already shown the promising prospect of this
technique including identification of key residues in protein folding (26, 27) or function
(28), and predicting enzyme active sites (29). It suggests that this novel 2-dimensional
analyzing techniques/concept would be helpful for uncovering the deep information of
proteins, such as discovering the hidden driver residues of proteins (30), or signal
transportation pathways inside proteins.
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Chapter 5
Statistical Coupling Analysis in Aquaporin Evolution Study

SCA methods cannot only be applied in protein function research and key
residues identification, but can also be applied in evolutionary studies. In this
chapter, the results of the work on orthodox aquaporin evolution by
employing SCA method and network theory are discussed. The network
patterns of aquaporin subfamilies which are adjacent in phylogenetic tree
show high similarity. Analysis of key residues and their correlated ones of
individual subfamilies are also presented in this chapter. The analysis reveals
that AQP1 and AQP4 are found to be different in some of the key sites in
higher animals and lower animals. The residues of these sites show different
key function features either in water flux regulation or ligand binding. Some
of the positions also show relationships with particular diseases.
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5.1 Introduction
Water is the source of life and the link that binds all the living beings together on this
planet(1). As its main function is intercellular water transportation, aquaporin is an
essential protein widely distributed in various organs and in almost all living organisms.
Aquaporin is so important for living organisms that it is associated with many diseases (2)
– not to mention its potential application in many industrial field like desalination of sea
water and sewage treatment. Therefore, to investigate the detailed structure as well as
mechanism of aquaporin functionality is extremely important. Nevertheless, it is also
crucial to understand the evolutionary relationship between different kinds of aquaporin
individuals and identify the historical events that led to novel or constrained function within
or cross taxonomic lineages (3).
Most of the evolutionary studies are based on the analysis of genetic information with the
increasing number of sequenced genome and transcriptome. The very first evolutionary
research on aquaporin diverse subfamily studied the aquaporins from many species and
classified aquaporin into two phylogenetic categories – AQP and AQGP based on their
molecule selectivity (4). Phylogenetic studies of aquaporin family indicated that both
categories evolved from prokaryote as a consequence of early gene duplication event (5).
And with research continues, a phylogenetic tree of aquaporin family could be generated.
Nonetheless, researchers are not clear about how the numerous aquaporin subfamilies
evolved and why they have so various functions and distributions.
Statistical coupling analysis is a powerful bioinformatic tool. Its application should not be
only limited in identifying key residues, but could be applied in phylogenetic studies as
well. With the increasing number of various aquaporin protein sequences are available,
SCA network analysis method could be applied for further evolutionary study of aquaporin
family proteins, not only in category recognition but also more in evolutionary process.
In this work, a pilot evolutionary study on only orthodox aquaporin from aquaporin family
is conducted. SCA method is applied and several networks established by highly-correlated
residues are generated. The results are consistent with previous phylogenetic research
based on genomes that the adjacent subfamilies in phylogenetic tree shares similar network
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pattern and vice versa.

Figure 5.1 Phylogenetic tree of aquaporin protein family. Among this subfamilies,
AQP0,1,2,4,5,6,8

and

AqpZ

are

orthodox

aquaporins,

AQP3,7,9,10

and

GlpF

are

aquaglyceroporins. Meanwhile, AQP11 and AQP12 are unclassified aquaporins.

5.2 Results and Discussion
5.2.1 SCA application on phylogenetic aspect
The data sets of each AQP subfamily, including AQP0, AQP1, AQP2, AQP4, AQP5,
AQP6, AQP8, are generated with similar procedure described in the previous chapters.
SCA analysis is conducted for each subfamily data set after MSA respectively. Based on
the coupling index value, several networks consist of top correlated residues are built
respectively. As showed in Fig 6.2, the SCA network patterns of these subfamily are
revealed. They could be divided into four categories. The network pattern of AQP 8 is a
whole network with two major clusters. For AQP1 and AQP4, two main networks have
been identified. However, AQP0, AQP2 and AQP5 have similar network pattern as one
major network and one or two much smaller separated networks. And for AQP6, the SCA
result contains six separated small networks.
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Figure 5.2 Top-ranked SCA network of AQP subfamilies. Subfamilies with similar network pattern
are catagorized.

According to the network patterns, the more related subfamilies could be classified.
Amazingly, the AQP phylogenetic tree generated based on SCA network pattern is quite
consistent with the phylogenetic tree generated after long-time genetic analysis. This
suggests that SCA network pattern could also employed for phylogenetic studies if
sufficient data is provided.
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5.2.2 SCA network analysis helps to identify evolutionary key residues in AQP1 and AQP4
According to previous research, a lot of information about the distribution in various organs
of different aquaporin subfamilies could be obtained. Like in Fig 5.3 (6) shows, although
AQP1 and AQP4 have various distribution in animal bodies, they are the only two AQPs
distributed in Central Nervous System (CNS). Therefore, a robust co-evolution network
pattern should be employed to make the proteins less vulnerable to undesired mutations.

Figure 5.3 AQP family proteins distribution in human organs.
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By analyzing the network pattern of AQP1 and AQP4 protein subfamilies, both network
shows scale-free characteristics with very good power-law degree distribution. Through
investigating the corresponding residues of the hub positions in the network, the molecular
role of these residues could be analyzed, either structurally or functionally, and discover
the evolutionary significance of these residues.
Evolutionary key residues of AQP1
Position 95 and 237 are the most connected hub nodes in the AQP1 SCA network. The
corresponding residues of these two positions in human Aqp 1 are Cys102 and Trp245,
respectively. By align all the selected animal AQP1 sequences, it is apparent that either for
position 95 or position 237 has two major kinds of residues. In terricolous higher animals
including mammals, birds and reptiles, the corresponding residues of these two positions
are cysteine and tryptophan respectively. However, for aquatic fishes, the corresponding
residues are methionine and leucine respectively.

Cys102

Figure 5.4 Cys102 in Human Aqp1 (PDB ID: 4CSK). Cys102 in magenta and the two NPA motif
in orange.

It is known that methionine and leucine are generally non-reactive among the amino acids
and rarely involved in protein functions. In contrast, cysteine is very reactive which could
often be found in protein active and binding sites and it has good binding affinity to metals;
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extracellular cysteine could form disulfide bridge and contribute to protein conformation.
Tryptophan side chain are also relatively more reactive among all the amino acid residues
and often involved in many kinds of functions such as binding to other ligands and interact
through stacking.
In higher animals, CNS is usually more complex and exhibits much more functionality
compared with lower animals. As in Fig. 5.4 shows, in human Aqp1, Cys102 located in the
transmembrane region of M4 helix, near the two NPA motifs. Although not discovered yet,
it is possible that the cysteine here could interact with ligands or intramolecular residues
and regulate the water transportation or intermolecular signaling pathway by affecting the
conformational change of NPA motifs. (7) Therefore, it could be supposed that some CNS
diseases might be related to the site-mutation of AQP1. However, in fishes, the equivalent
residue in this position is methionine, which is hydrophobic and relatively non-reactive.
Therefore, AQP1 in fishes is not likely to possess ligand binding or regulation function in
this region. It was reported that in zebra fish, AQP1 facilitate transcellular water uptake
and tight junction restrict water influx.(8)
In human Aqp1, Trp245 locates in the C-terminal of the protein. Although the C-terminal
region is often folded as disordered loops in cytoplasm and is not determined in the crystal
structures, it is still very significant in some functions. In the previous research, the Cterminal of Aqp1 are considered as putative phosphorylation site for protein kinase A,
protein kinase C, etc. It was reported that the C-terminal tail region of Aqp1 in PASMC
(human pulmonary artery cells) is required for cell proliferation and migration. (9)
Evolutionary key residues of AQP4
Three “hub” positions, position 47, 83 and 128, could be identified through SCA network
analysis. The corresponding residues of this position in terricolous higher animals are
normally methionine, cysteine and histidine. Meanwhile, in lower animals, including fishes
and Ornithorhynchus anatinus (Platypus), the corresponding residues are mainly leucine,
valine and asparagine, respectively.
These three residues locate either in the extracellular site or cytoplasmic site of the protein.
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In other words, these residues are all exposed outside the membrane, which gives them
higher chance to involved in ligand binding and signaling pathways. Comparing with
leucine, valine and asparagine, the corresponding residues in higher animals, methionine,
cystine and histidine are all more reactive and considered to be involved more in molecular
functions.

His151
Met70

Cys106
Figure 5.5 Met70, Cys106 and His151 in human Aqp 4 (PDB ID: 3GD8), NPA motifs represented
with orange color.

As Fig. 5.5 shows, in human aquaporin 4, the equivalent residues are Met70, Cys106 and
His151 respectively. It is reported that the mutation of H151A and D69H will affect the
antibody or IgG binding related to neuromyelitis optica (NMO) (10, 11), which means that
His151 and Met70 could be either directly or indirectly involved in NMO antibody binding
(12). For Cys106, no research has been conducted to suggest its molecular function yet.
Nevertheless, cysteine exposed in cytoplasm is usually found to be employed for ligand
binding or act as reaction center. Hence, it is reasonable to assume that Cys106 could also
have significant functionalities.
In contrast, AQP4 in fishes is only expressed in sensory organs, could be involved in cell
osmosis regulation and maintain physiological conditions (13). It is clear that AQP4 is
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expressed in sensory organs in both higher and lower animals. Mutations in AQP4 will
cause severe impairment (14). Nevertheless, higher animals have more complex sensory
organs, which requires AQP4 to evolve to obtain additional functions compared with lower
animals.
5.3 Conclusion
Scientists have already revealed the significant correlation of AQPs with CNS diseases.
AQP4 and AQP1 are selected for SCA analysis in this work to investigate their evolution
process from lower animals to higher animals. In human body, AQP1 is expressed in
choroid plexus and plays important role in facilitating cerebrospinal fluid secretion and
tuning pain perception. Meanwhile, AQP4 is expressed in astrocytes and is involved in
water transportation, cell migration and neuroexcitation in the CNS (15). In contrast, lower
animals such as fishes do not have such complex nervous system. Moreover, although
ambiguous before recently, it was believed that fishes do not have the feeling of pain, which
means that the AQPs are not involved in pain perception in fishes. In previous studies, it
was reported that both AQP1 and AQP4 are involved in pathogenesis of multiple nervous
system diseases, including Alzheimer’s disease, Amyotrophic lateral sclerosis,
Neuromyelitis optica, Parkinson’s disease and some other neurodegenerative diseases (1618). Some of the identification of critical residues in this work is correlated to disease. It is
suggested that clinical experiment should be conducted on the other identified residues to
discover the relationship between them and the CNS diseases.
In conclusion, for AQP1 and AQP4, residues in several critical positions are substituted
with more reactive ones because of the higher complexity of CNS and sensory organs in
higher animals. These substitution lead to the further complement of evolution of their
correlated residues. Meanwhile, these residues might be critical in pathogenesis of some
nervous system diseases.
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Chapter 6
Statistical Coupling Analysis Application in Butelase 1 Related
Research

The discovery of Butelase 1 was a landmark achievement in enzyme research.
Although it belongs to the legumain protease family, Butelase 1 plays a role
as cyclase/ligase and shows extremely high efficiency in catalyzing ligation of
two peptides comparing with previous-found enzymes. The key region
contributes to preventing hydrolysis is presumed to be activation peptide
region. In this chapter, the legumain family proteins including butelase 1 and
OaAEPb are analyzed using MSA as well as SCA combined with network
analysis. Some potential key residues which contributes to specific ligation
process are given. Their functional features in ligation process are analyzed
and a mechanism at the molecular level is proposed.
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6.1 Introduction
Peptide ligases are very rarely discovered but are extremely valuable in biotechnology
research. Labeling proteins segmentally allows accurate investigations of protein
internally(1); ligating different protein segments may create novel proteins with unique
functionality. These promising processes all require stable, efficient peptide ligases as
catalysts, which makes peptide ligases an essential biotechnology tool in research.
Legumain, also known as asparaginyl endopeptidase (AEP), sometimes with name of
vacuolar processing enzyme (VPE) is a family of cysteine proteases. The main function of
legumain is to catalyze hydrolysis of proteins or peptides specifically at the site of
asparaginyl bonds. In general, legumain contains a highly conserved catalytic triad as
interaction site and cleaves the protein/peptide substrate at Asp/Asn site. Nevertheless,
legumain could also reverse the cleavage in some conditions. In some other cases, plant
legumain shows ligase activity to produce cyclotides but in extremely low efficiency.
Recently, a novel member of legumain family proteins, butelase 1, isolated from Clitoria
ternatea, was discovered and showed magnificent efficiency in catalyzing ligation of
protein segments/peptides. Butelase 1, although shares 71% sequence identity with other
legumain family proteins, does not catalyze the hydrolysis like them. It was proven that
butelase 1 facilitates ligation or cyclization for substrates with broad N-terminal amino
acids and a specific C-terminal sequence of NHV or DHV. The efficiency is very high with
Kcat value of 0.04-17s-1 and the yield is normally greater than 95%(2).
Before butelase 1 was discovered, several peptide ligases were applied in scientific
research, such as sortase A, PCY1, PatG and inteins. Nevertheless, these enzymes show
very low efficiency as turnover number of 1h-1 or even 1day-1. The discovery of butelase 1
was an epochal success as butelase 1 increase the ligation efficiency for three or four orders
of magnitude, which made it a perfect catalyst for peptide/protein ligation.
With the great efficiency and yield, the discovery of butelase 1 provided a new tool for Cterminus-specific intermolecular protein/peptide ligations. It has already been employed as
catalyst in research and proven to be a valuable biotechnological tool in many aspects
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including site-specific N-terminal labeling(3) and protein thioester ligation(4).
OaAEP1b, a member of legumain family protein, isolated from another species of plant
Oldenlandia affinis, was also discovered to be able to facilitate kB1 cyclization
efficiently(5). The efficiency of this protein is not as high as that of butelase 1. Nevertheless,
as it could be recombinantly expressed, OaAEP1b has its own advantage in massive
application.
The discovery of these two exceptional legumain family proteins with great ligationcatalyzing ability might not be a coincidence. Since cyclotides are commonly found in
some species of plants (Rubiaceae, Violaceae, and Cucurbitaceae), researchers might
discover more and more legumain with similar functionality. Although limited data of only
two known ‘ligationable’ legumain is available, SCA tools could be applied in discovering
the characteristic pattern of them, identifying crucial residues and try to investigate the
specific mechanisms of ligation/cyclization.

6.2 Results and Discussion
6.2.1 Single site conservation of activation peptide (AP) region
Construction of homology model of butelase 1(2) based on zymogen of human legumain
suggested that butelase 1 could also divided into 3 parts like orthodox legumains: the AEP
domain, the activation peptide (AP) domain and the legumain stabilization and activity
modulation (LSAM) domain. By comparing the sequence similarity of butelase 1 and
human legumain, it is indicated that 49.8% sequence identity and good structural alignment.
Meanwhile, less than 10% sequence identity showed up for AP region, which is cleaved
during activation for humain legumain. However, in butelase 1-facilitated cyclization,
according to mass spectroscopy, part of the AP region remains connected. Thus, it is
reasonable to believe that it is possible that the AP region has some relevance to the ligase
activity. In previous research, the AP region was also suggested to be related with the ligase
function. Thus, in this study, the firstly focus is on the function of residues located in AP
region of legumain. Furthermore, for AP region, since the random coil part is flexible and
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would be far away from the reaction center, the importance of most residues belong to this
part will be ignored during analysis.
In this work, the data set was prepared with the similar procedure as described in the
previous chapter. The plant legumain sequences for MSA were obtained by using BLAST
searches against non-redundant protein database. The protein sequence of human legumain
AEP region was used as the basic query sequence for PSI-BLAST (e<0.005). More than
1000 sequences were generated from PSI-BLAST. To avoid noise created by other kind of
proteins, only the sequences with description as either “asparaginyl endopeptidase”,
“legumain” or “vacuolar processing enzyme” were selected. Meanwhile, sequences with
very high identity (>90%) were removed. As a result, a data set with 323 sequences of
legumain family proteins was established. These proteins are from bacteria, fungi, animals
and plants. Among them, only proteins from plant were selected, which resulted in 116
sequences. To make comparison, a data set of animals legumain sequences was also
obtained with 178 sequences.
Plant legumain proteins share higher similarity compared with animal legumain proteins.
Nevertheless, as cyclotides have only been discovered in plants, it can be inferred that the
animal legumain proteins would not have the functionality of protein ligation/cyclization.
The AP region in each data set of legumain sequences were selected for analysis. The
aligned animal legumain AP region are three amino acids longer comparing with that of
plant legumain, which gives 62 and 59 columns for analysis respectively. The single site
conservation result is represented by the figure generated by Weblogo tool (6).
Animal

Plant

Figure 6.1 Single site conservation result generated by Weblogo tool from two data set of animal
and plant legumain. The proportion of alphabet in each column represents the proportion of the
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residue it stands for in the corresponding position of protein sequences in this data set.

From the comparison of sequences between animal and plant legumains, it could be easily
figured out that the amino-acid difference between these two groups is obvious for AP
region. For example, the highly conserved motif “PSPDVP” in animal legumains
corresponds to the “NQRDAD” motif in plant legumains; the helices-connecting loop
“TND” in animal legumains corresponds to “APE” in plants, etc. As one of the previous
study showed, in legumain, the AEP region mainly contains negative-charged amino acids
on the AP region-facing surface, while the AP region contains positive-charged amino
acids that could interact with the AEP region and leads to electrostatic binding (Fig 6.2).
Furthermore, plant legumains have more positive charged residues in the helix-loop-helix
part, thus this part could bind with the AEP region below closer compared with the animal
legumains.

Figure 6.2 Schematic presentation of electrostatic status of AP and LSAM region (top) and AEP
region (bottom) at pH 7.0. Blue: positive charge; red: negative charge.

6.2.2 Sequence alignment of a group of AP regions from typical legumains
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To identify the critical residues in AP region, the AP region sequences of two enzymes
capable of efficient cyclization (OaAEP1b and butelase 1) and three enzymes without this
function (butelase 2, Jack bean legumain and human legumain) were aligned for
comparison (Fig 6.3).
The sequences of butelase 1 and OaAEP1b have the highest sequences identity of ~57%.
However, other two plant legumain only have ~35% sequence identity with butelase 1,
whereas human legumain only have <10% sequence identity in this region. The sequence
identity comparison indicates that legumain proteins with capability of facilitating
ligation/cyclization should have high similarity in the AP region other than those with
preference of hydrolysis.

Figure 6.3 MSA of a set of legumain AP region. Butelase1 and OaAEP1b are both from plants and
have the function of facilitating ligation. Jackbean legumain is also from plant but only has the
function of promoting hydrolysis. Butelase2, although also comes from Clitoria ternatea like
butelase 1, has proven to be an endopeptidase. Human legumain does not have any function of
triggering ligation.

The alignment also gives the electrostatic difference between ligase and hydrolase from
position 30 to 40 in AP region. The ligases apparently have much more charged residues
in this region with more positive charges than hydrolases. With the fact that the AEP region
has overall negative charge in the AP-region-facing surface, it is infered that in ligase, AP
region might have more compact interactions with AEP region, which could facilitate
ligation.
Furthermore, the difference between butelase 1 and OaAEP1b sequences might also be the
reason why the cyclization substrates possess diverse C-terminal residues. In butelase 1, as
indicated in Fig 6.4, the Trp-His π-interaction (position 33 in AP region) might lead to the
preference for histidine in P1’ site of the substrate. While in OaAEP1b, the equivalent
residue leucine is smaller and hydrophobic, thus would favor glycine in P1’ site of the
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substrate.

Figure 6.4 Demonstration of His-Trp π-interaction

6.2.3 SCA application on legumain family proteins
SCA analysis of plant legumain complete sequences
The first SCA analysis was on the whole sequences of plant legumain. A 458x458 matrix
was generated after the coupling energy calculation. To find out the key residues during
revolution, the range to the top-scored co-related pairs need to be narrowed down.
Therefore, a network consist of top 50 correlated pairs of nodes were established. (Fig. 6.5)
Most of the nodes in this network appear to be in the AP and LSAM region of the proteins,
indicated that the AEP region was relatively robust during the evolution, but not the other
parts, which would cause different functions besides the hydrolysis for legumains of some
species. It is also suggested from this figure that two positions, position 332 and position
422 are the most connected nodes, which means that many of the other nodes co-evolve
with these two positions, suggested that they could be key residues for either structural or
functional roles.
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Figure 6.5 Top-50 scored pairs of nodes in SCA analysis of plant legumains (whole sequence)

SCA analysis of AP region in plant legumains
The AP region of plant legumains was selected, and a separate SCA analysis was
performed on this region. Similar to the whole sequence analysis, top 50 scored pairs of
nodes are also chosen to build a network (Fig 6.6). From this network, it is clear that besides
position 332, some other positions, like position 358, 361, 345, 323 and 327 were also
connected with multiple other nodes. The corresponding amino acids in butelase1, Jack
bean legumain, and the general major corresponding residues in plants. were represented
in table 6.1.
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Figure 6.6 Top-50 scored pairs of nodes in SCA analysis of plant legumains (AP region)
Table 6.1 Equivalent residues of the positions from Butelase 1, Jack bean legumain and the general
major conserved residues in plants.
Position
number

Butelase 1

OaAEP1b

Jack bean
legumain

Plants

332

Y

L

M

F/M/L

358

A

S

K

S/K/R

361

M

V

N

K/M/S

327

A

A

A

A/I

303

D

N

D

N/D

323

S

N

N

N

345

R

R

K

E/R/K

Biological relevance of key residues
The biological functions of these key residues were analyzed using the homology model
based on zymogen of human legumain (PDB ID: 4FGU), since it is the only legumain
protein with known crystal structure.
As described in the previous research on butelase 1, the mechanism could be deduced from
the PatGmac ligase mechanism. PatGmac contains a substilisin-like core domain and an
insertion which create a helix-loop-helix motif (orange region in Fig. 6.7). (7) The insertion
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will act as a “latch” or “cap” to shield the cleaved intermediate from premature hydrolysis,
and thus lead to cyclization. Furthermore, the insertion part looks exactly like the AP region
of legumains, which possibly suggested that the butelase 1 could also perform ligase
function similarly.

Figure 6.7 “Cap” segment in the AP region, represented by khaki color.

Position 332
As the most connected position in both SCA networks of whole sequences and AP region
sequences, position 332 makes great different in butelase 1 and Jack bean legumain. In
Jack bean legumain, the corresponding residue of this position is methionine, which has a
chained structure and hydrophobic properties. In contrast, the corresponding amino acid of
this position is the ring-structured tyrosine, which could create more space between the two
helices of AP region. (Fig 6.8) The space between these two helices could be critical for
shape-fitting of substrates, which could be the reason why different substrates for butelase
1 would have different efficiency and yield. It could also contribute to the substrate
recognition through either forming H-bond or π-stacking. Meanwhile, the hydroxyl group
of tyrosine could act as a hydrogen-bond donor to prevent possible further hydrolysis from
the invading water.
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In general, the corresponding amino acids of position 332 in plant legumains have three
options, phenylalanine, leucine and methionine. It is hypothesized that for plant legumains
which have leucine and methionine in position 332, the substrate shape fitting will fail and
lead to protease function only, while for plant legumains which have phenylalanine in this
position, some ligase function will be performed but less efficient comparing with butelase
1 because no hydrogen-bond donor could prevent the hydrolysis of substrate intermediates.
It was observed that in plants which produce cyclotides, especially plants of Violaceae and
Psychotria genus, the legumains/AEP have phenylalanine in this position. This fact could
probably prove the hypothesis to some extent.

Figure 6.8 Position 332 (Tyr350 in Butelase 1) in helix-loop-helix part of AP region

Position 345
One of the most correlated positions with position 332 is position 345. The common
residues among all the plant legumains of this position are arginine, lysine and glutamic
acid. (Table 6.1) Arginine in this position will always lead to phenylalanine in position 332,
while for other two options gives multiple choices for position 332. Comparing with lysine
and glutamic acid, arginine has positive charge and the highest pKa among all the amino
acids, which makes it easier to interact and bind with the surface of AEP region having
negative charge. In butelase 1, the co-evolving residue of position 332 is tyrosine, which
could also interact with arginine through hydrogen bonding to enclose the reaction site and
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block outside water, thus prevents hydrolysis.
Position 323
Position 323 locates in the highly conserved motif NQRD, which corresponds to PSPD
motif in animals. In human legumain, this motif performs critical function for preventing
autolysis because the motif physically located adjacent to the S1 pocket. The two proline
residues, which have extreme rigidity, hinder the P1 residue serine from diving into the
pocket (Fig 6.9). However, in normal plant legumains, no such structure rigidity is shown
in the surrounding, which makes the P1 residue, normally asparagine, easily enter the S1
pocket. The S1 pocket would recognize this amino acid, and lead to auto-cleavage.
Nevertheless, in butelase 1, the corresponding residue is serine, which makes the failure of
recognition, and thus the nearby region could survive during the enzyme activation.

Figure 6.9 Representation of reactive center in legumain. Khaki: reaction site. Cyan: S1 pocket

6.3 Conclusion
Butelase 1 is a novel member of legumain family with the function of high efficient
intermolecular ligation and cyclization. However, the only one known crystal structure of
the legumain family is the human legumain (PDB ID: 4FGU); furthermore, only a few of
proteins of legumain family are determined to have or not have the function of ligase. With

94

Butelase 1

Chapter 6

limited information, in this study, only some of the possible key residues could be proposed
which could contribute to the ligase function as well as the substrate recognition. It is
suggested that with the mutation of these key residues in other plant legumains, e.g, Jack
bean legumain, it is possible to get a reversed function conversion from protease to ligase.
Further wet lab research should be done to prove this hypothesis.
Here the mechanism is proposed of how these legumain homologues facilitate cyclization.
As Fig 6.10 indicates, after the S1 pocket recognizes Asn and S2, S3 sites further binds to
the substrate, the ‘cap’, or part of the AP region, confine the binding by attach to the His
and Val with S1’ and S2’ sites. The confinement of binding to the substrate stabilizes the
intermediate and may further keep out the water from coming into the active site and
leading to hydrolysis. The active site cleaves the substrate at Asn site by creating a thioester
intermediate. After that, with higher affinity of His and Val, the ‘cap’ removes the cleaved
C-terminal part of the substrate, while the other part of substrate, binds to the S1’ and S2’
sites. The thioester intermediate then ligates with the GLP motif and gives the end product.
The discovery of some critical residues in this work could be significant to further studies
on butelase 1/OaAEP1b. Some mutagenesis research could be conducted to prove the roles
of these residues in legumain-triggered ligation. Moreover, referred to the proposed
mechanism, it is possible to introduce similar residue and structure patterns into legumain
proteins which are not “ligationable” to reverse their function. Therefore, produce ligase
for industrial use from orthodox legumain would become reality.
However, the data is not sufficient in this study, only limited results were obtained. Only
two legumain family proteins, butelase 1 and OaAEP1b, are confirmed to have the ability
to facilitate protein ligase/cyclization. Moreover, modelled 3D protein structure of
butelase1, instead of real crystalized structure, also gives limited information in structural
analysis. More promising information to uncover the secrets of legumain-facilitated protein
ligase will be obtained when sufficient sequence data and structural information is
available.
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(A)

(B)

(C)

Figure 6.10 Schematic presentation of proposed mechanism of butelase 1 triggered cyclization.
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Chapter 7
Molecular Dynamic Simulation on Phospholipid Self-Assembly
and Vesicle Fusion

To further study transmembrane proteins like Aquaporin, it is also very
important to investigate the lipid membranes that transmembrane proteins
distributed in. Molecular Dynamics Simulation is a powerful technique to
study molecules and reactions in microscopic scale. In this chapter, molecular
details including density, charge and potential of phospholipid bilayer are
discussed. MD simulation on phospholipid bilayer self-assembly and vesicle
fusion are conducted. The process of lipid aggregates assembly and fusion
are shown. A trigger event that two fusion parts are connected by one lipid
molecule with special conformation is discovered.
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7.1 Introduction
Aquaporin and many other channel proteins are all transmembrane proteins embedded in
the cell membranes. Transmembrane proteins have various function besides molecule
transportation, they are also involved in signaling transmission and catalyze metabolism
reactions (Fig 7.1). These proteins locate in biological membranes that function as barriers
of living cells or organelles in eukaryotic cells (1).

Therefore, to investigate the

environment that membrane proteins locate in is also very important in studying membrane
protein folding, immobilization and functions.

Figure 7.1 Typical structures of transmembrane proteins. The α-helix transmembrane proteins
oftein act as recognition proteins and receptors; β-barrel structured transmembrane proteins often
play roles for substrate transportation; the helical bundle proteins often act like enzymes,
transporters and receptors.

As is well-known, lipid is one of the major building blocks of life. The lipids are usually
defined as amphiphilic molecules, or a kind of surfactants, as they always have a
hydrophilic head and one or more hydrophobic tails. In water solutions, the lipids will
aggregate and form micelle, bilayer and vesicles according to different concentrations.(2)
The driving force for the aggregation is the hydrophobicity. One kind of lipids, the
phospholipids, constitutes the major part of cell membranes, thus becomes a very attractive
target in both biochemical, physiological and biomaterial research. For example,
phospholipids could form vesicles which could be used as the drug transporters in order to
get much more efficient curative effects and much less side effects. Furthermore, the
microstructures of lipid self-assembly are also used in biomaterial biotechnology of
100

MD simulation of lipid vesicles

Chapter 7

designing novel soft materials(3). Therefore, research into the mechanisms of behaviors of
phospholipid in solutions, including self-assembly and fusion became a very popular topic.
Computer simulation is a powerful tool for lipid aggregates (e.g. bilayer, vesicle) properties
research. Direct structural or spectroscopic experimental techniques could not detect the
exact conformation of every single lipid but to do an average, because of the widely existed
intrinsic disorder of lipid aggregates in situ and in vitro. Generally speaking, computer
simulation technique could be employed for tracking behaviors of individual molecule or
atoms with molecular details and give information that wet lab experiments could not
provide. Therefore, MD simulation would be an excellent approach for doing molecular
investigation of research related to membrane and other lipid aggregates.

7.2 Molecular context of membrane and phospholipid bilayer
The main component of cell membranes are often phospholipid bilayers consist of many
different kinds of lipids, including phosphatidylethanolamine (PE), phosphatidylcholine
(PC), etc. (4) As mentioned, it is very important to study the environment that membrane
proteins locate in, which is the cell membrane, or phospholipid bilayer as a simplified
model. According to previous simulation studies on lipid bilayers, some basic information
of DPPC and DPPE bilayers could be obtained. The average headgroup surface area of
DPPC and DPPE are 0.65nm2 and 0.52nm2, respectively. Meanwhile, because of the more
ordered lipid tails in DPPE bilayer, the thickness of DPPC is smaller (3.43nm < 4.00nm).(5)
The hydration state and electrostatic properties of different types of phospholipids, as well
as the interactions between lipid head groups/tail and protein residues, would be essential
for the investigation. (6)
The amphiphilic characteristic of phospholipids makes it very critical to study the
hydration state in lipids bilayers. The water distribution of a lipid bilayer system could well
reflect the hydration state in lipid membranes and it could be measured through mass
density profile along the axis. It is clear that in Fig7.2, in pure DPPC bilayer system, water
only appears around the lipid head groups and barely exist in the region of
hydrophilic/hydrophobic interface. In other pure lipid bilayers, the mass density profile is
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similar.

A

B

Figure 7.2 A) DPPC bilayer in water system. Red and white dots represent the hydrogen and oxygen
atoms in water. The cyan dots represent the carbon atoms in DPPC. B) Mass density profile of
DPPC bilayer membrane. Red line represents the system mass density; green and blue lines
represent the mass density of DPPC lipid and water respectively. DPPC lipid shows this mass
density profile because the headgroup has larger mass density compare to the tail region. This figure
revealed that water molecules are prohibited inside the lipid bilayer. However, water-lipid interface
exists around the DPPC head group region, which could be a very good target for study.

However, the lipid distribution and charge distribution changes according to different kinds
of lipid ratios in mixed lipid bilayer. For example, with a smaller headgroup, lipid tail of
PE would be more ordered comparing with PC. Therefore, the PE monolayer would be
more condense and have higher density (Fig 7.3B).(7) Because of the densely packing of
PE, water permeation in to the membrane is largely prohibited in PE side. Meanwhile, as
Fig 7.3C shows, due to the NH3 group instead of three CH3 in PE, the charge density of PE
would be different from that of PC.
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Figure 7.3 A) Mixed POPC/POPE bilayer. Left: POPC monolayer; Right: POPE monolayer. B)
Mass density profile of mixed POPC/POPE bilayer. C) Charge density profile of mixed
POPC/POPE bilayer.

The asymmetry of different types of phospholipid also exist in electrostatic potential
distribution, led by the different partial charge density. As Fig 7.4 shows, the value of peak
electrostatic potential of POPC and POPE monolayer is 220mv and 300mv, respectively.
In mixed PC/PE lipid bilayers, the increasing PE level will reduce the P-N vector tilt
angle.(5) Therefore, the observed potential difference comes from the different dipole
moment of the two lipid monolayers.
A

B

Figure 7.4 Electrostatic potential distribution along z axis of a POPC/POPE mixed lipid bilayer.
Distance and potential are set to be zero in the point of center of mass.

Water also plays a very important role in lipid aggregates systems dynamics including selfassembly and fusion process (8, 9). Although water has been usually considered to be
dispensable on large membrane interfaces, spectroscopic data indicated that water
molecules near membrane surfaces shows obvious ordered behavior (10). The water
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conformation in the lipid-water interface is also highly dependent on the electric charge
and dipole moment of the lipid layer surface.

7.3 Simulations of lipid aggregates fusion process
7.3.1 Fusion of vesicle and vesicle: Spontaneous fusion at stalk position
Two MARTINI coarse-grained DPPC vesicles were put in a simulation box with a distance
between each other less than 1nm (in some references this is referred as “stalk position”)
and lined up in the X direction of the simulation box. A non-periodic boundary condition
is given on this simulation system. Soon after the simulation begins, the parts of out layers
of both vesicles which are close to each other are attracted and get together while the other
parts of vesicles are repelled away (Fig 7.5. Panel A). Soon after that, the repelled parts are
attracted together (Fig 7.5. Panel B) and an initial contact of fusion are formed (~300ps,
different from the previous reported > 50ns). Some of the head groups of different outer
monolayer of the two vesicles merge together. It is a localized phenomenon involving only
a few lipid molecules (Fig 7.6.). This initial contact soon quickly expands radially, forming
a so-called stalk intermediate (Fig 7.5. Panel E). The intermediate continues to fuse radially,
forms and stays stable in a hemi-fusion state, which is considered to be a pre-state of
complete fusion (Fig 7.5. Panel F).
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Figure 7.5 Simulation of vesicle-vesicle fusion. As in Fig 3.7 shows, the colored dots presents the
MARTINI interaction center; yellow, blue, pink and cyan dots represent NC3, PO4, GLYC and
TAIL interaction centers respectively. Water is not shown for clarity. Snapshots are shown at t=0ps
(A), 30ps (B), 90ps (C), 300ps (D), 3ns (E) and 6ns (F).

Figure 7.6 Stalk formation of vesicles fusion (300ps, left and middle). The connected part rapidly
expands radially (900ps, right).
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7.3.2 Fusion of vesicle and bilayer
The understanding of mechanism of how vesicle and lipid bilayer membrane fuse would
be also very important in vesicle carrier transportation research. Therefore, a vesiclebilayer fusion simulation is performed. The fusion is not complete due to the limitation of
the computing power of the computer cluster. However, the system reaches a hemi-fusion
state after ~11 ns simulation. The fusion process also starts with the fluctuation of the outer
layer of both vesicle and the bilayer, the two parts stay stable in a stalk position for a few
nanoseconds (~8 ns). The bilayer is bended to form a dome-like structure; they then start
to radially expand from the connecting part. The outer layers of both vesicle and bilayer
membrane are fused together at the end of this simulation performance. It is obvious that
if the simulation continues, the fusion would be complete and successful.
A

B

C

D

Figure 7.7 Simulation of vesicle-bilayer fusion. Water was not shown. Snapshots are shown at
t=0ns (A), 8ns (B), 10ns (C), 12ns (D).
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7.3.3 Self-assembly of Lipid Vesicle
One of the previous theoretical studies showed that the driving force of vesicle selfassembly is the curvature elastic energy.(11) This study proposed a model of mixed
surfactants-formed vesicles and indicated that in their model, the pure surfactants would
most probably be stable in the state of small micelles or lamellar bilayer phases, meanwhile,
the mixture of surfactants would be much more easier to form vesicles and enhanced the
stabilization of them. In this study, around 25% percent of the DPPC are substituted into
DPPE in downloaded DPPC bilayer. The new mixture lipid bilayer is used for the selfassembly simulation from a bilayer to a vesicle, which was successfully completed and
stable after the 200ns simulation.
As Fig 7.8 demonstrates, the structure starts and is continuously performing an inward
depression from the center from the time point of ~105 ns. Later on, the structure shows a
bowl-like structure as the simulation was going on. After more than 150ns, the bowl-like
structure starts to close into a sphere, and the transition is completed after 180ns.
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A

B

D

C

Figure 7.8 Simulation of vesicle self-assembly from mixture lipid bilayer. The CG molecules with
green color represent DPPE molecules while the grey-colored ones are DPPC molecules. Water
was not shown for clarity. Snapshots are shown at t=105ns (A), 125ns (B), 160ns (C), 180ns (D)

7.4 The Trigger Event of Fusion – One Special Lipid Molecule
In all of the fusion simulations performed in this report, including vesicle-vesicle fusion as
well as the vesicle-bilayer fusion, there is one special lipid molecule in each of the
simulation, which played an extremely important role in the first step of the fusion process.
The lipid molecule is a randomly chosen one from either one of the vesicles, which locates
in the part of one vesicle which is closest to the other. The lipid molecule id numbers in
two pure DPPC lipid vesicle-vesicle fusion simulations, one pure DPPC lipid vesiclebilayer fusion simulation and one DPPC/DPPE mixture lipid vesicle-vesicle fusion
simulation are 505, 981, 132 and 547, respectively. (Fig 7.9.)
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The special lipid in each case displayes an identical pattern, which the two tails of the lipid
molecule spread out and each tail inserts into one vesicle or bilayer like a two-sided anchor.
This kind of structure pattern connected the two fusing part and made sure they were in a
stalk position.
Based on the pattern of the molecule and the frequency it appears in the simulation (100%),
it suggests that the appearance of the special anchor lipid molecule would be one of the
necessary trigger events of the fusion process.

A

B

C

D
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Figure 7.9 Critical Lipids in A) Vesicle-Vesicle Fusion I of DPPC system; B) Vesicle-Vesicle
Fusion II of DPPC system; C) Vesicle-Bilayer Fusion of DPPC system; D) Vesicle-Vesicle Fusion
of DPPC/DPPE mixture system
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Chapter 8
Summary and Future Work

This chapter draws together the threads of this dissertation and
discusses the results obtained in previous chapters. It is revealed in this
dissertation that statistical coupling analysis could be applied in key
residue identification as well as evolutionary study in bioinformatics
research. SCA technique, as a powerful tool, could also be used in many
other research topics. Hereby, some recommended future work as
extensions of current studies is proposed. Further in-depth study on the
relationships between aquaporin and diseases could be done as a
continuation of this work. Meanwhile, it is also promising to apply SCA
method in G-protein-coupled receptor research with similar procedure.
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8.1 Summary and discussion
As proposed in the previous chapters, the main objective of this dissertation is to
apply SCA method for AQP/AQGP selectivity filter investigation and discover
potential mutation sites that could help to manipulate the molecule selectivity. SCA
method is further applied for AQP evolutionary study as well as for research on
distinguishing feature of other protein families. The goal is achieved successfully
and the important findings and implications are summarized as below.
8.1.1 Features of AQP/AQGP selectivity filter and potential mutation sites
As the major work, the goal is to apply a novel bioinformatic technique, statistical
coupling analysis, combined with network construction and structure analysis in
AQP/AQGP protein study, discover the correlated residues which contribute to the
molecule permeation selectivity and discover the molecular structure base of
selectivity filter and its adjacent molecule configuration, especially for E. coli AqpZ
and GlpF. Overall, the goal has been achieved successfully.
In this work, a set of AQP/AQGP database is established from a BLAST search
result using typical aquaporin protein sequences from each subfamily. SCA
analysis is conducted on the sequences after MSA and removing redundant and
noisy data. A series of networks are established consists of top ranked highly
correlated residues after that. By analyzing the network pattern as well as 3D
molecule structure observation, and comparing with results get from DQC method,
a series of correlated residues are identified to significantly affect the SF pore size
thus contribute to the molecule permeation selectivity. To prove the predictive
accuracy, the mutant model of AqpZ with above mentioned correlated residues
mutated is built. The pore size of mutant is enlarged comparing with that of wild
type AqpZ and close to the pore size of GlpF. Furthermore, a series of REMD
simulation are performed to prove that the PMF of glycerol to pass through AqpZ
mutant is significantly lower comparing with wild type AqpZ but comparable with
GlpF. These modelling tests prove that the prediction of residues affect the
AQP/AQGP molecule permeation selectivity is relatively credible.
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8.1.2 SCA method application in protease/ligase study
The second major goal of this work is to apply SCA method in protease/ligase study
to investigate the secret of butelase 1 doing ligation/cyclization as a member of
AEP protease family. If the key residues contribute to the function alteration are
identified, it would be possible to mutate some other AEP homolog to introduce
opposite function to create effective and efficient protein ligase. Because of the lack
of effective information, some of the possible key residues are predicted and
ligation mechanism is proposed.
As identified ligase from AEP family is rare (only butelase 1 and OaAEP1b until
recently), the information of AEP ligase is very limited. Therefore, the data set is
obtained by doing a BLAST search using butelase 1 protein sequence. The
procedure of preparing the data set and conducting SCA analysis is similar with the
procedure employed in previous work. After that, a network consists of top ranked
correlated residues is built and analyzed.
Since the AP region is presumed to be critical in the previous research, the residues
of this region which have the possibility to contribute ligating feature and the
structures are mainly studied. A group of protein homolog sequeces including
ligase butelase 1, OaAEP1b and protease butelase 2, jackbean legumain and human
legumain are aligned and compared. Several featured residues are identified and
their roles in ligation process are presumed. At last, the mechanism of ligation
process of butelase 1 is proposed based on the results.
8.1.3 SCA application in aquaporin evolutionary study
SCA could not only be applied in protein function or structure research, but could
employed in protein evolutionary studies as well. Holding this brief, a pilot study
on aquaporin evolution is conducted.
The result shows that SCA technique could also be employed as a characterizing
tool like orthodox genetic methods by distinguishing different types of networks
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patterns. Meanwhile, some analysis of individual networks gives
8.2 Recommended Future Works
SCA methods has been proven to be a powerful biotechnological tool in many
research aspects. It has been employed in identifying residues and evolutionary
conserved residue networks that mediate allosteric communication in enzymatic
studies by its inventors(1). Another research shows the promising application in
drug development by studying the metal binding affinity with this method(2). SCA
has also been used for computational biology research like artificial protein
design(3). Furthermore, it has also been proven that SCA technique could play an
important role in in de novo protein structure prediction(4).
In this dissertation, the above-mentioned results imply that SCA analysis is very
helpful in feature residue identification and mutation sites prediction in protein
engineering. With several research on different kinds of proteins, it suggests that
SCA analysis, as a powerful tool, could be employed in more and more
bioinformatic research as well as complexity related studies. Meanwhile, network
theory, which has been honored to be the foundation of complexity research field,
is also employed in protein studies in this work. As network theory has been applied
in biological research for many years, including the concept of protein-protein
interaction network, metabolism network, as well as residue interaction network.
Herein, the following recommended work is proposed.
8.2.1 Investigation of the relationship between aquaporin/other proteins and
diseases
As mentioned, aquaporin has been proved to have significant involvement in many
diseases. Thus, it is meaningful to discover the relationship between aquaporin and
these diseases. In this study, some of the important correlated pairs of residues were
discovered to display their contribution in molecular selectivity. Nevertheless, the
study was limited to bacteria proteins. Eukaryotic aquaporins including mammal
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proteins could be selected for further SCA study. More critical sites, which are
possibly related to some diseases, could be identified. Meanwhile, it is suggested
to focus on the correlated residue pairs which have no obvious effects on molecular
selectivity. Because they might be important to some other function such as
structure stabilization, catalytic reactions, ligand-binding and signal transduction.
Mutations of these residues could also play very important role in pathogenesis.
Moreover, the pathological study on aquaporin could also give suggestions on drug
development.
Recently, research has revealed that the inhibition or over-expression of aquaporin
could cause different kinds of diseases. Besides, dysfunction of protein due to some
single mutations on aquaporin is also involved in a few diseases. Nevertheless,
although not discovered for aquaporin, multiple mutations of proteins might also
cause protein dysfunction and lead to disease. For instance, a double mutation in βamyloid precursor protein was found to be associate with early-onset Alzheimer’s
disease(5). Moreover, it is estimated that more than 6%-8% of all cancer mutations
represent doublet and triplet mutations(6). Therefore, it is meaningful and
promising to investigate the relationship between protein mutations and the disease
they cause.
Statistical coupling analysis here could play an important role in studying multiple
mutations in proteins in the aspect of evolution. By establishing the SCA network
and analyze the structure of proteins, it is possible to find out the possible mutation
sites which might cause disease and deduct possible pathological mechanisms.
Meanwhile, to discover possible drug recognition sites and reveal novel ideas for
drug development becomes easier.
8.2.2 Residue interaction network analysis of AQP family proteins
Network theory can be employed in different ways in protein research. Besides
SCA network analysis, which was mainly performed in this work, network based
on protein structure could also be applied for study the properties of proteins. The
network established here is called the residue interaction network (RIN) (7).
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Previous RIN analysis application was successful in studying the ribosome and
some other enzymes. David-Eden et. al revealed that the ribosome RNA exhibits
small-world network pattern in 2008 (8). Significant residues of catalytic reaction
centers, mutation-intolerant residues and residues critical to protein folding were
identified through this method (9-11). For aquaporin studies, similar procedure
could also be employed on aquaporins with determined crystal structures.
A residue interaction network would be established with residues as nodes, while
links are presented by physical or chemical interactions. In general, a distance
threshold is given to determine if two residues are connected or not. Examining the
network parameters such as betweenness/closeness centrality is a promising way to
further confirm the significance of the findings in this work. Furthermore, more
information could be acquired through this procedure, which will certainly
contribute to investigations into aquaporin in-depth research.
8.2.3 SCA application in other proteins function or structural research
The SCA technique’s application should not only be limited in AQP/AQGP and
protease/ligase research, but can also be employed to research for many other
protein families like G protein-coupled receptor (GPCR), polymerase,
immunoglobulin and phosphatase. However, plenty of data would be a requirement
for better accuracy of the analysis. Fortunately, with the advance of technology,
more and more proteins have been sequenced and the size of accessible public
database has expanded considerably. Therefore, it is a very good timing for apply
SCA technique into protein research.
For example, GPCR is one of the most studied transmembrane protein families.
The main function of GPCR is to regulate cellular internal signal transduction
pathways and cellular responses by coupling with G proteins (12, 13). Meanwhile,
because of the critical role in signaling pathways, GPCR becomes a main target for
drug development. And it is estimated that around 50% of the drugs currently being
used in the market utilize GPCR as their target(14). Furthermore, with the
determination of structure of GPCR recently (15), the research on this specific
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protein family becomes more and more intensive. By applying SCA technique, it
is possible to discover the co-evolved residues as well as the critical residues for
ligand binding, signaling transduction and conformational change. It is also
promising to discover the hidden connections between the six subfamilies(16) to
investigate how the GPCR evolve to obtain various ligand specificity in different
organs and organisms.
8.2.4 Further investigation on butelase 1-facilitated ligation mechanism
The discovery of butelase 1, as a milestone in protein synthesis and proteomics
research field, must have been attracting much research interest. It is meaningful
and promising to study its molecular mechanism of catalyzing restriction protein
ligation.
As mentioned in chapter 6, the insufficient data led to limited information could be
obtained from the analysis. It is expected that more ligase-legumains could be
identified as more and more plants which are able to produce cyclotides could be
used as candidates for the study. Meanwhile, the crystalized protein 3D structure
could also be identified. As more plant legumain proteins are purified and proved
to have ligation-catalyzing function, more sequences could be employed in SCA
analysis although the proteins may not have the efficiency as high as that of butelase
1. Some other correlated pairs, either in AP region or AEP region, could be
discovered. With the additional crystalized structure, much more information could
be obtained and contribute to the theoretical study of mechanism investigation.
Furthermore, the information of correlated residues as well as structure would also
contribute to protein engineering study. Since butelase 1 is currently not able to be
expressed via recombinant technique, and OaAEP1b does not have comparable
efficiency, it is an alternative way to introduce ligation-catalyzing function to
similar proteins by protein engineering. With deep understanding of the mechanism
in the future, efficient ligase-legumain, which can be produced by recombinant
expression, could be manufactured for industrial purposes.
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Table A.1 Cross reference table of positions of MSA treated data set and their corresponding
residues in Glp F and Aqp Z.

Position
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Glp F
Sequence No.
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

Residue
K
G
Q
C
I
A
E
F
L
G
T
G
L
L
I
F
F
G
V
G
C
V
A
A
L
K
V
A
123

Aqp Z
Sequence No.
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
GAP

Residue
F
R
K
L
A
A
E
C
F
G
T
F
W
L
V
F
G
G
C
G
S
A
V
L
A
A
G
-

Appendix

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

36
GAP
GAP
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

G
W
E
I
S
V
I
W
G
L
G
V
A
M
A
I
Y
L
T
A
G
V
S
G
A
H
L
N
P
A
V
T
I
A

29
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
124

F
G
F
A
G
V
A
L
A
F
G
L
T
V
L
T
M
A
F
A
V
G
H
I
S
G
G
H
F
N
P
A
V
T
I
G

Appendix

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
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Table A.2 Degrees and betweenness centrality of highly coupled pairs of positions in AQP SCA
network.
Name
Trp14
Trp209
Asn182
His56
Thr49
Pro126
Ser125
Thr191
Ala27
His124
Leu99
Met50
Phe76

Degree
21
16
7
6
6
5
4
4
3
3
3
3
3

Betweenness Centrality
0.61327561
0.21500722
0.00937951
0.0952381
0.00974026
0.00108225
0
0
0
0
0.0021645
0.0021645
0
128

Appendix
Ala117
Cys20
Gly18
Pro163
Ser177
Val35
Ser22
Thr171
Tyr121
Tyr223

2
2
2
2
2
2
1
1
1
1

0
0
0
0
0
0
0
0
0
0

Table A.3 Degrees and betweenness centrality of highly coupled pairs of positions in AQP SCA
network.
Position 1
13
153
162
13
13
44
13
13
13
13
13
13
13
105
134
13
13
104
19
51
81
96
13
103
13
51
153

Position 2
174
174
174
44
19
174
26
153
34
105
162
51
17
174
174
21
104
174
45
174
174
174
96
174
45
70
162
129

SCA Score
4.0837
3.7596
3.5778
3.5545
3.4734
3.2929
3.2071
3.1571
3.0347
3.021
3.0057
3.0011
2.998
2.9964
2.9866
2.9648
2.919
2.914
2.8282
2.8136
2.8116
2.8051
2.8028
2.7959
2.7835
2.7792
2.7672

Appendix
26
13
148
13
13
51
13
17
13
104
13
44
105
44
70
34
45
104
44
13
44
103
26

174
70
174
148
134
188
142
174
100
105
81
153
153
51
174
174
91
153
105
103
162
153
51

130

2.7542
2.7195
2.7005
2.6912
2.669
2.6196
2.6151
2.572
2.5554
2.5544
2.5405
2.536
2.52
2.5147
2.5092
2.4666
2.462
2.4497
2.4267
2.4245
2.4237
2.4212
2.4159

