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Abstract
In the last three decades, many large DNA viruses were discovered and grouped into a
loosely defined clade of Nucleocytoplasmic Large DNA Viruses (NCLDVs). NCLDVs infect a
wide range of hosts from single cellular protists to large animals. Recently, these viruses were
classified as a new phylum of Nucleocytoviricota under the kingdom of Bamfordvirae. The
genomes of these Nucleocytoviricota viruses (NCVs) are remarkedly large and complicated,
containing many cellular genes from all three domains of life, which raised intensive debates on
their evolutionary origins. Despite being classified in the same phylum, their physical structures
vary and can be roughly classified as icosahedral and non-icosahedral NCVs. Little is known on
how these viruses precisely assemble their gigantic viral capsids. This dissertation focuses on
characterizing the structures of two icosahedral NCVs, Aureococcus anophagefferens Virus and
Cafeteria Roenbergensis Virus, as well as their capsid assembly mechanisms using
multidisciplinary approaches. This dissertation sheds lights on the molecular mechanisms of
NCVs capsid assembly, which deepen our knowledge in NCVs morphogenesis and contribute to
the studies in macromolecule assembly at large.
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CHAPTER 1: Introduction to Nucleocytoplasmic large DNA viruses (NCLDVs)
1.1 THE ORIGIN AND DEFINITION OF VIRUS
1Originally,

viruses were thought to be small infectious agents that could pass through

ultrafilters that were used for removing bacteria. They were later defined as infectious
nucleoproteinic entities that possess DNA or RNA as their genomic materials and can’t grow or
undergo binary fission on their own due to the lack of biological synthesis (Lwoff 1957). In the
1990s, Carl Woese et al. revealed that there are three different types of ribosomes in the living
world, which led to the current universal tree of life that includes Archaea, Bacteria, and Eukarya
(Woese, Kandler et al. 1990). Viruses, however, due to the lack of ribosomes, are still missing
from this classification despite being the most abundant biological entities on earth (Bergh,
BØrsheim et al. 1989, Suttle 2005, Raoult and Forterre 2008, Reche, D'Orta et al. 2018). Viruses
infect cells from all three domains of life while they share several common features, suggesting
that viruses may have originated very early in the evolution of life before the division of the three
domains of life (Forterre 2006). Furthermore, viruses play important roles in various evolutionary
events including the origins of DNA (Forterre 2002, Forterre 2006, Forterre 2006, Haig 2012), the
nucleus (Bell 2001, Takemura 2001), and the mammalian placenta (Dunlap, Palmarini et al. 2006,
Dupressoir, Vernochet et al. 2009, Chuong 2013). Therefore, understanding the origin and
phylogenetic classification of viruses is of great interest in deciphering the evolutionary transitions
as well as the formation of different domains of life.

1 Some parts in this chapter, identified by vertical lines in the right margin, are taken verbatim from published
papers by the same author of this dissertation ( Xian, Avila et al. 2020, Xian and Xiao 2020, Xian and Xiao 2020).
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1.2 THE DISCOVERY AND DEFINITION OF NUCLEOCYTOPLASMIC LARGE DNA VIRUSES
(NCLDV)
The phylogenetic classification of viruses became more interesting after the study of
comparative protein sequence analyses of four families of large DNA viruses (Poxviridae,
Asfarviridae, Iridoviridae, and Phycodnaviridae) (Iyer, Aravind et al. 2001). This study showed
that there are nine genes shared by all the viruses from these four viral families, and 22 genes that
are present in at least three of the families. Given the fact that all these viruses harbor a large
double-stranded DNA genome and they either completely or partly replicate in the cytoplasm of
eukaryotic cells, these viruses are referred as Nucleocytoplasmic Large DNA Viruses (NCLDVs)
(Iyer, Aravind et al. 2001). Since then, more members of NCLDVs were identified. The
phylogenetic reconstruction of NCLDVs, including the newly discovered ones, showed that these
viruses share a set of approximately 40 genes that are essential for virion morphogenesis and
replication, suggesting that they may have evolved from a common ancestor (Iyer, Balaji et al.
2006).
One major characteristic of NCLDVs is the large size of their virions. The existence of
large virus particles has been appreciated since the poxvirus in 1960s (Dales and Siminovitch
1961), jumbo bacteriophages in 1971 (Donelli, Guglielmi et al. 1972, Donelli, Dore et al. 1975),
and the phycodnaviruses in the early 1980s (Van Etten, Meints et al. 1982). However, it was the
discovery of the Mimivirus (La Scola, Audic et al. 2003) with its extremely high genome
complexity, gigantic physical size, and unique structural characteristics that drew massive
attention to giant viruses from scientists (Claverie, Ogata et al. 2006). Mimivirus was
serendipitously discovered during an investigation of a hospital outbreak of pneumonia and was
originally assumed to be a bacterium due to its large size and gram-stainable fibers on the surface.
The virus was named Mimivirus for “mimicking microbe” (La Scola, Audic et al. 2003). Further
characterization of this virus showed that it contains a 1.2-Mbp genome packed in a protein shell
with a diameter of 500nm (Raoult, Audic et al. 2004, Xiao, Chipman et al. 2005). Furthermore,
2

this protein shell is decorated with a dense layer of 125nm-long fibers, making the total diameter
of the particle about 750nm. The Mimivirus was officially classified by the International
Committee on Taxonomy of Viruses (ICTV) (Lefkowitz, Dempsey et al. 2018) as the founder of
a new family, Mimiviridae (La Scola, Audic et al. 2003, Raoult, Audic et al. 2004), belonging to
the clade of NCLDVs.
Subsequently, dozens of Mimivirus relatives and other NCLDVs were discovered, leading
to the expansion of Mimiviridae family (Yutin, Colson et al. 2013) as well as the establishment of
new viral families (Yutin, Wolf et al. 2009, Arslan, Legendre et al. 2011, Yutin and Koonin 2012),
including Marseilleviridae (Boyer, Yutin et al. 2009), Ascoviridae (Asgari, Bideshi et al. 2017),
Pandoraviridae (Philippe, Legendre et al. 2013), Pithoviridae (Legendre, Bartoli et al. 2014), and
Mininucleoviridae (Subramaniam, Behringer et al. 2020). These viruses carry by far the most
complicated known viral genomes ranging from 100 kb to 2.5 mb. Most interestingly, cellular
genes that were never seen in viruses before were found in NCLDVs (Yutin and Koonin 2012).
These genes carry unprecedented functions including components of the translation machinery,
DNA repair, and metabolic pathways. In addition, many of these cellular genes have homologs in
all three kingdoms of life (Raoult, Audic et al. 2004, Boyer, Yutin et al. 2009, Fischer, Allen et al.
2010, Philippe, Legendre et al. 2013, Moniruzzaman, LeCleir et al. 2014). The complexity of their
genomes has led to intensive and controversial debates on whether they should be considered as
the fourth domain of life. It has also been proposed that NCLDVs descended from a common
cellular ancestor through reductive evolution (Raoult, Audic et al. 2004, Claverie, Ogata et al.
2006, Claverie and Abergel 2009, Claverie, Abergel et al. 2009). This hypothesis has been
challenged by other researchers who argued that NCLDVs were evolved from a small DNA viral
ancestor by horizontal gene transfer and gene duplications (Filee 2009, Yutin, Wolf et al. 2009,
Filee and Chandler 2010, Yutin and Koonin 2012, Yutin, Wolf et al. 2014, Koonin, Krupovic et
al. 2015). The increasing number of available NCLDV genomes led to more comparative
evolutionary genomics analyses. Using several most strongly conserved representatives from the
nine core genes that are shared by all the NCLDVs, the phylogenetic analyses done by Yutin et al.
3

suggested that NCLDVs evolved from multiple lineages of smaller viruses on a minimum of three
different occasions, rather than being a fourth domain of life (Yutin, Wolf et al. 2014). These
findings led to the proposal of multiple convergent origins of NCLDVs (Koonin and Yutin 2018,
Koonin and Yutin 2019).
1.3 THE NEW CLASSIFICATION OF NCLDV TO NUCLEOCYTOVIRICOTA VIRUS (NCV)
Viruses are often grouped together based on their genetic sequence similarities, which has
provided us with an enormous amount of insights in the classifications of the virosphere. However,
this approach becomes difficult in the absence of observable sequence similarities, especially in
the attempt to identify long-range evolutionary relationships. Therefore, structure-based
phylogenetic analysis (SBPA) has been shown to be a valuable method to understand the
evolutionary relationship of genetically distinct viruses using distances calculated from pairwise
comparison of protein structures (Ng, Stelfox et al. 2020). One example of SBPA is the PRD1adenovirus lineage proposed based on the structural similarities of the double jelly roll (DJR) fold
of capsid proteins from genetically distinct viruses infecting hosts from all three kingdoms of life
(Benson, Bamford et al. 2004, Bamford, Grimes et al. 2005, Khayat, Tang et al. 2005, Krupovic
and Bamford 2008, Bahar, Graham et al. 2011, Yutin, Backstrom et al. 2018). The DJR fold is the
main structural element of the major capsid proteins (MCPs) of many double stranded DNA
(dsDNA) viruses such as bacteriophage PRD1 (Benson, Bamford et al. 1999) and adenoviruses
(Roberts, White et al. 1986, Stewart, Burnett et al. 1991) as well as many NCLDVs (Bamford,
Burnett et al. 2002, Nandhagopal, Simpson et al. 2002, Yan, Yu et al. 2009, Bahar, Graham et al.
2011, Zhang, Xiang et al. 2011, Fang, Zhu et al. 2019, Liu, Ma et al. 2019, Liu, Luo et al. 2019,
Wang, Zhao et al. 2019). The structural characteristics of DJR in NCLDVs will be further
discussed in the following section. These MCP DJR folds share very low sequence homology but
strikingly high structural similarities among many dsDNA viruses. In addition to this, recently,
FLiP (Flavobacterium-infecting, lipid-containing phage), a single stranded DNA virus, was also
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found to process the DJR capsid protein, expanding the PRD1-adenovirus lineage to ssDNA
viruses (Laanto, Mantynen et al. 2017). These results collectively suggest that viruses within this
DJR PRD1-adenovirus lineage could be very ancient and share a common ancestor (Benson,
Bamford et al. 2004, Krupovic and Bamford 2008, San Martin and van Raaij 2018, Ng, Stelfox et
al. 2020).
In agreement with the PRD1-adenovirus lineage that is largely based on SBPA, new
comparative genomics and metagenomics analyses showed the presence of evolutionary
conservation in these jelly roll genes, leading to the recent ICTV-approved megataxonomic
framework (Koonin EV, Dolja VV et al. 2019). Within this framework, a new realm Varidnaviria
was created to include DNA viruses that encode an MCP containing the vertical (single or double)
jelly roll fold and forming pseudo-hexameric capsomers. Within the Varidnaviria realm is the
kingdom Bamfordvirae for those viruses using the DJR to form their MCPs. The kingdom of
Bamfordvirae was named after Dr. Dennis H. Bamford for his contributions in the PRD1adenovirus lineage (Bamford 2003, Benson, Bamford et al. 2004, Bamford, Grimes et al. 2005,
Krupovic and Bamford 2008). Furthermore, NCLDVs are officially classified as a new phylum of
Nucleocytoviricota under the kingdom of Bamfordvirae. Currently, Nucleocytoviricota contains
two different classes, Megaviricetes and Pokkesviricetes. The name of Megaviricetes is modified
from a previously proposed name of Megavirales (Colson, de Lamballerie et al. 2012) with the “viricetes” suffix for class taxa, and Pokkesviricetes is named after Middle English “pokkes",
meaning pox. Megaviricetes includes three orders: 1) Pimascovirales, that includes the families of
Ascoviridae, Iridoviridae, and Marseilleviridae; 2) Imitervirales, that includes the family of
Mimiviridae; and 3) Algavirales, that includes the family of Phycodnaviridae. Within the
Pokkesviricetes class are the two orders: 1) Asfuvirales that includes the family of Asfarviridae
and 2) Chitovirales that includes the family of Poxviridae. Among the ten families from the original
NCLDV clades, Pithoviridae, Mininucleoviridae and Pandoraviridae are yet to be classified. The
stories of NCLDVs being discovered and studied in the last two decades are a perfect
demonstration that these highly complicated viruses are interesting and fascinating targets for
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evolutionary and structural studies. This review will use the newly ICTV-approved name
Nucleocytoviricota viruses (NCVs) as a replacement of NCLDVs in the following sections.
1.4 THE COMMON SCHEME OF NCV MORPHOGENESIS
The assembly of NCV capsids occurs in viral factories, which are membrane-separated
compartments formed in the infected cellular host during the viral infections (Novoa, Calderita et
al. 2005). Within the viral factories, massive reorganization of the host cell cytoskeletons and
membranes occurs for viral genome replication and virion assembly. Such viral factories,
commonly seen during the infection of many viruses (Sodeik, Doms et al. 1993, Ahlquist 2006,
Fontana, Lopez-Iglesias et al. 2010, Fischer 2011, Salas and Andres 2013, Suarez, Welsch et al.
2013, Milrot, Mutsafi et al. 2016), allow the viral components to escape from the host defense
mechanisms, and to be concentrated and act together to significantly increase the efficiency of
viral replication (Novoa, Calderita et al. 2005, Zhang, Cao et al. 2015). Imaging technologies such
as the three-dimensional (3D) electron tomography have significantly deepened our
understandings on viral factories. For instance, in 2016, Milrot et al. studied the Paramecium
bursaria chlorella virus 1 (PBCV-1) viral factories (Figure 1.4.1A-B). Based on their 3D structural
study, the authors proposed a well-supported model of viral factory generation and virion assembly
(Milrot, Mutsafi et al. 2016). In their model, the viral factories start as viral products accumulate
in the cytoplasm and exclude the organelles from the host cell. Among these viral products are the
membrane cisternae that are ruptured from rough endoplasmic reticulum (ER) membranes and
serve as scaffolds for viral capsid protein assembly. The association of viral capsid proteins with
membrane cisternae leads to the formation of a procapsid initiating at the icosahedral five-fold
vertex. The assembly of the procapsid continuously progress from the initial vertex to its
neighboring ones on the convex side of the growing membrane. The procapsid remains incomplete
until the genome is packaged through a large portal. Similar viral assembly processes were also
seen in Mimivirus (Figure 1.4.1C-D) (Mutsafi, Shimoni et al. 2013, Suarez, Welsch et al. 2013,
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Mutsafi, Fridmann-Sirkis et al. 2014), Vaccinia virus (VACV) (Figure 1.4.1E-F) (Risco,
Rodriguez et al. 2002, Chlanda, Carbajal et al. 2009, Liu, Cooper et al. 2014), and ASFV (Suarez,
Andres et al. 2015) (Andres, Garcia-Escudero et al. 1998), suggesting a general mechanism of
viral membrane formation and capsid assembly of NCVs.
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Figure 1.4.1 The electron microscopy studies of NCV capsid assembly. (A), (C), and (E) are slices
from EM tomograms of the viral factories of PBCV-1, Mimivirus, and VACV, respectively; Scale
bar,100nm; (B) and (D) are the 3D reconstruction of the viral factories showed in panel (A) and
(C), respectively. The capsid and open membrane are colored in yellow and blue, respectively. In
panel (A) and (B), yellow and blue triangles are pointing to the capsid and membrane, respectively.
In panel (E), viral particles were immunolabelled with anti-A14, a membrane protein of VACV.
The long and short arrows point to the VACV assembly precursor and genomic materials,
respectively. IV and IVN with the asterisks stand for immature virus and immature virus with
nucleoid. (F) The 3D reconstruction of a VACV crescent. The crescent membrane, scaffold
protein, and viral core proteins are colored in yellow, red, and green, respectively; With
permission, panel (A) and (B) are adapted from (Milrot, Mutsafi et al. 2016); panel (C) and (D)
are adapted from (Mutsafi, Shimoni et al. 2013); panel (E) is adapted from (Chlanda, Carbajal et
al. 2009); and panel (F) is adapted from (Krijnse Locker, Chlanda et al. 2013).
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Although the assemblies of NCVs share common features such as the viral factories and
membrane reorganization, there are some significant variations. One unique example is ASFV,
that has an outer lipid membrane and a protein core-shell (Salas and Andres 2013) (Figure 1.5.1B).
It has been shown that the core shell formation and DNA packaging progress simultaneously
underneath the concave face of the membrane as the capsomers progressively assemble on the
convex face of the viral membrane forming a polyhedral capsid (Andres, Simon-Mateo et al.
1997). The process of assembling the inner membrane and the capsid is largely independent of the
assembly of the core-shell and the nucleoid, as the “empty” icosahedral particles can form in the
absence of core shell polyproteins (Andres, Garcia-Escudero et al. 2002). After the completion of
capsid assembly, ASFV acquires its outer membrane while budding through the plasma membrane
(Salas and Andres 2013). Another unique example is the assembly of VACV, in which the ruptured
ER membranes associates with the preassembled scaffold protein D13 forming the so-called
“crescent” precursors (Sodeik, Doms et al. 1993, Risco, Rodriguez et al. 2002, Chlanda, Carbajal
et al. 2009, Liu, Cooper et al. 2014). These crescents then continuously grow into spherical
immature virions while the genomic DNA and core proteins are packed inside (Figure 1.4.1E-F).
The immature virions then transform into mature virions through multiple events including the
cleavage of D13 protein (Chichon, Rodriguez et al. 2009, Liu, Cooper et al. 2014).
While EM studies on viral factories of NCVs have provided tremendous amount of details
in their morphogenesis, the molecular mechanisms that modulate the assembly of the icosahedral
NCV capsids are yet to be demystified. It’s clear from these EM studies that the assembly process
of capsids is closely associated with the remodeling of viral membrane, and that the assembly
initiates at one of the icosahedral five-fold vertices and proceeds continuously (Suarez, Welsch et
al. 2013, Mutsafi, Fridmann-Sirkis et al. 2014, Milrot, Mutsafi et al. 2016). However, many
questions remain to be answered. Thorough investigations on the architecture of the viral capsids
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are the first essential step that will provide a wealth of information about their assembly process
and guide further assembly studies.
1.5 THE GENERAL STRUCTURE OF ICOSAHEDRAL NCVS
Based on their virion morphogenesis, NCVs from the ten families can be roughly classified
as icosahedral NCVs, including members from Asfarviridae, Iridoviridae, Marseilleviridae,
Mimiviridae, Phycodnaviridae, and Mininucleoviridae; and non-icosahedral NCVs from the
families of Poxviridae, Pandoraviridae, Ascoviridae, and Pithoviridae. In this paper, we will
review the structures as well as the assembly models of icosahedral NCVs’ capsids. As some of
NCVs are comparable to small bacteria and archaea in both particle and genome size (Raoult,
Audic et al. 2004, Boyer, Yutin et al. 2009, Philippe, Legendre et al. 2013, Legendre, Bartoli et al.
2014, Benamar, Reteno et al. 2016), their structural studies have been a great challenge and were
mainly studied through combining multiple structural determination techniques (Xiao and
Rossmann 2011).
Electron microscopy (EM) has been commonly utilized to obtain the first glimpse of viral
morphogenesis, which provides some basic structural information including the shape and the
surface features of viruses. For example, it was EM that revealed the icosahedral capsid of the
Mimivirus and differentiated it from bacteria (La Scola, Audic et al. 2003). Since the 1990s,
cryogenic electron microscopy (cryo-EM) with its three-dimensional reconstruction techniques
has become an increasingly powerful tool for studying the structures of NCVs. Besides Mimivirus
(Xiao, Chipman et al. 2005, Xiao, Kuznetsov et al. 2009), other NCVs that have been studied by
cryo-EM include but are not limited to: PBCV-1 (Yan, Olson et al. 2000, Nandhagopal, Simpson
et al. 2002, Zhang, Xiang et al. 2011, Fang, Zhu et al. 2019), Chilo iridescent virus (CIV) (Yan,
Olson et al. 2000, Yan, Yu et al. 2009), Phaeocystis pouchetii virus (PpV01) (Yan, Chipman et al.
2005), Cafeteria roenbergensis virus (CroV) (Xiao, Fischer et al. 2017), Faustovirus (FAUV)
(Klose, Reteno et al. 2016), Melbournevirus (MelV) (Okamoto, Miyazaki et al. 2018),
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Pacmanvirus(Andreani, Khalil et al. 2017), and African swine fever virus (ASFV) (Liu, Luo et al.
2019, Wang, Zhao et al. 2019, Andres, Charro et al. 2020), whose diameters and other
characteristics are summarized in Table 1.5.1.
Table 1.5.1 The Mathematical characteristics of large icosahedral Nucleocytoviricota virus
capsids.
Virus

Diam

Trisym-

Pentasym

T

-eter

metron

-metron
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(nm)

sizea

sizeb
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185

55

30+1

147

7

PBCV-1 190

66

30+1

169

PpV-01

220

91

30+1

FAUV

260

120

ASFV

260

MelV
Pacman

CIV

h

k

Hexameric

Jelly

MCP

capsomersc

rollsd

copies

7

1460

8820

4380

7

8

1680

10140

5040

219

7

10

2180

13140

6540

30+1

277

7

12

2760

16620

8280

120

30+1

277

7

12

2760

16620

8280

232

136

30+1
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7

13

3080
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9240

250

136

30+1

309

7

13

3080

18540

9240

300

231

30+1

499

7

18

4980

29940

14940

virus
CroV

a The sizes of trisymmetron are presented by the number of pseudo-hexameric capsomers in each
symmetron.
b The sizes of pentasymmetron are presented by the number of pseudo-hexameric capsomers plus
one pentameric capsomer (penton) in each symmetron.
c The number of pentons for all icosahedral NCVs are 12, hence, only the number of pseudohexameric capsomers are listed here.
d The total number of jelly rolls including the single jelly rolls from pentons and the double jelly
rolls from pseudo-hexameric capsomers.
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Early low resolution cryo-EM structural studies on these NCVs revealed that they share
some common features in their morphogenesis. The most commonly seen architecture of
icosahedral NCVs consists of three major components: an icosahedral protein capsid, a lipid
membrane, and a genomic core (Figure 1.5.1A). While most of these NCVs have an inner lipid
membrane located right underneath their protein capsids, an interesting exception is FAUV
which replaces the lipid membrane with an inner protein layer (Figure 1.5.1C). Another
exception is ASFV, which possesses a multi-layer structure with an additional outer lipid
envelope as well as an icosahedral protein shell between the inner membrane and the genomic
core (Figure 1.5.1B). The surfaces of the NCVs have various features. For example, the surfaces
of Mimivirus and its close relatives such as Samba virus (SMBV) (Campos, Boratto et al.
2014)and Tupanvirus (Abrahao, Silva et al. 2018) are covered by a dense layer of long fibers.
CIV has some shorter fibers decorating most of its capsomers (Yan, Olson et al. 2000, Yan, Yu
et al. 2009) while PBCV-1 and PpV01 have fibers attached on a few of their capsomers (Yan,
Chipman et al. 2005). These fibers were hypothesized to play roles in host recognition and
attachment (Claverie, Ogata et al. 2006, Zauberman, Mutsafi et al. 2008, Xiao, Kuznetsov et al.
2009, Klose, Kuznetsov et al. 2010). Beside the fibers, Tupanvirus also has a unique large
cylindrical structure attaching to the capsid (Abrahao, Silva et al. 2018). In addition, a unique
portal on one of the icosahedral five-fold vertices has been observed in several NCVs, such as
the stargate of Mimivirus (Zauberman, Mutsafi et al. 2008, Xiao, Kuznetsov et al. 2009, Klose,
Kuznetsov et al. 2010, Kuznetsov, Xiao et al. 2010) and the spike portal of PBCV-1 (Cherrier,
Kostyuchenko et al. 2009, Zhang, Xiang et al. 2011).
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Figure 1.5.1 The cryo-EM structures of icosahedral Nucleocytoviricota viruses (NCVs) and the
high-resolution structures of double jelly roll (DJR) major capsid proteins (MCPs). (A-D) are the
cryo-EM reconstructions of Paramecium bursaria Chlorella virus 1(PBCV-1) (Electron
Microscopy Data Bank, EMDB, accession code EMD-0436, and, EMD-5378), African swine
fever virus (ASFV) (EMDB accession code EMD-0815), Faustovirus (FAUV) (EMDB accession
code EMD-8144), and Cafeteria roenbergensis virus (CroV) (EMDB access code EMD-8748),
respectively. The capsomers located along the h and k axes for Triangulation number (T number)
calculations are marked by red and yellow dots, respectively. The T number and its (h, k) values
are labeled beneath each virus. A quarter of the virus in panel (A-C) is removed to show their
layered architecture: core (red), capsid (various shade of blues), the inner membrane of PBCV-1
and ASFV (green), the outer membrane of ASFV (grey), the core shell of the ASFV and the inner
capsid of FAUV (orange). The viral capsids are colored in four different shapes of blue to shown
the capsomer arrangement into pentasymmetrons (deep blue) and trisymmetrons (cornflower blue,
Dodger blue and cyan); The outer membrane of ASFV is shown with 50% transparence to allow
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better visualization of the capsomer arrangement in the capsid. One representative
pentasymmetron and trisymmetron in panel (D) are highlighted with yellow pentamer (solid line)
and orange triangle (dashed line), respectively; The discontinuous lines on CroV surface at the
boundaries of symmetrons are indicated with red arrows. (E-H) Ribbon diagrams of the MCPs of
PBCV-1, ASFV, and FAUV as well as the scaffold protein D13 of Vaccinia virus (VACV). The
conserved DJR folds are highlighted by yellow dashed line boxes. These structures are acquired
from Protein Data Bank (PDB) with IDs 1M4X, 6KU9, 5J7U and 2YGB, respectfully.

Despite the variations on their surfaces and portals, early cryo-EM studies demonstrated
that these capsids of NCVs are assembled in a highly conserved manner following the icosahedral
symmetry. Like most small viruses using repeating protein units for building their viral capsids
(Rossmann and Johnson 1989), NCVs use building blocks called capsomers for assembling their
large protein shells (Lwoff, Anderson et al. 1959). These capsomers are arranged into triangular
and pentagonal arrays (Figure 1.5.1D) that were defined as trisymmetrons and pentasymmetrons
by Wrigley et al. in 1969 based on his EM study on broken Sericesthis iridescent virus (SIV)
(Wrigley 1969). In this study, the decomposition of SIV resulted in individual triangular and
pentagonal patches. The fracture lines between neighboring symmetrons were clearly visualized
at the early stage of viral decay. These symmetron patches were also seen in broken FAUV samples
(Klose, Reteno et al. 2016). Furthermore, discontinuous lines were observed on the viral surfaces
in low resolution cryo-EM reconstructions of PBCV-1 (Yan, Olson et al. 2000), CIV (Yan, Olson
et al. 2000, Yan, Yu et al. 2009), PpV01 (Yan, Chipman et al. 2005), Faustovirus (Klose, Reteno
et al. 2016), CroV (Figure 1.5.1D) (Xiao, Fischer et al. 2017), and MelV (Okamoto, Miyazaki et
al. 2018). These discontinuous lines divide the viral capsids into triangular and pentagonal areas
that are equivalent to the symmetrons.
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Beside cryo-EM, X-ray crystallography was also utilized to determine the structures of
individual capsid proteins, such as the MCP of PBCV-1 (Nandhagopal, Simpson et al. 2002). The
atomic structure of PBCV-1 MCP presented the so-called “double jelly-roll” (DJR) fold (Figure
1.5.1E). A single “jelly-roll” (SJR) fold is a wedge-shaped β-barrel structure built form ~8 βsheets, which were first found in small single stranded RNA viruses (Rossmann and Johnson
1989). The SJR fold has become the most common fold in viruses with various sizes. A recent
comparative study showed that the SJR fold occupies approximately 28% of the capsid protein in
the entire classified virosphere (Krupovic and Koonin 2017). A DJR fold contains two tandemly
connected SJRs and is believed to evolved from SJR via gene duplication and combination (GilCarton, Jaakkola et al. 2015, Krupovic and Koonin 2017). Unlike in most SJR capsid proteins, the
β-barrels in DJR MCPs are orientated vertically (perpendicularly to the viral surfaces) (Benson,
Bamford et al. 2004). In addition, these DJR MCPs trimerize to form the capsomers. Therefore, a
single capsomer consists of six SJRs, contributing to its pseudo-six-fold symmetry. However, in
the same DJR, the two jelly rolls are positioned slightly differently, where one jelly roll (J2 in
Figure 1.5.1E-H) is placed higher (towards the exterior of the virus) than the other one (J1 in Figure
1.5.1E-H). Furthermore, the lengths of the surface loops on top of the two jelly rolls also vary.
These two structural features contribute to the true trimeric symmetry of the capsomers. Structural
studies demonstrated that the DJR MCP is highly conserved among icosahedral NCVs (Figure
1.5.1E-G) (Yan, Yu et al. 2009, Klose, Reteno et al. 2016, Xiao, Fischer et al. 2017, Liu, Ma et al.
2019, Liu, Luo et al. 2019, Wang, Zhao et al. 2019, Andres, Charro et al. 2020) and the scaffold
protein D13 of the immature poxvirus particles (Figure 1.5.1H) (Bahar, Graham et al. 2011). It is
noteworthy that while the mature virions of poxviruses are in brick shape, their immature virions
are spherical with hexagonal arrays of D13 on their surface.

15

Cryo-EM and X-ray crystallography have been combined to study the structures of NCVs.
By fitting the atomic structures of the MCPs determined by X-ray crystallography into low
resolution cryo-EM density maps, the pseudo-atomic structures of the whole icosahedral NCV
capsids were obtained (Nandhagopal, Simpson et al. 2002, Klose, Reteno et al. 2016). The pseudoatomic structures allow the studies of the capsomer arrangements within the viral capsids
(Simpson, Nandhagopal et al. 2003). Due to the trimeric nature of the capsomers, they can be
packed into two different orientations where one capsomer is 1) sharing the same orientation with
the neighboring capsomers; and 2) 60° rotated to neighboring capsomers. The pseudo-atomic
structures of NCVs revealed that while the capsomers within the same trisymmetron are packed in
the same orientation, they are 60° rotated when compared to those in the neighboring
trisymmetrons. This orientation difference results in the discontinuous lines between different
symmetrons mentioned above (Nandhagopal, Simpson et al. 2002, Simpson, Nandhagopal et al.
2003, Yan, Chipman et al. 2005, Yan, Yu et al. 2009, Klose, Reteno et al. 2016, Xiao, Fischer et
al. 2017). The discontinuous lines were also observed in between the pentasymmetrons and
trisymetrons. It is worthy to mention that underneath the discontinuous lines, extra protein
densities were seen in cryo-EM reconstructions with improved resolution (Yan, Yu et al. 2009,
Zhang, Xiang et al. 2011, Klose, Reteno et al. 2016). These densities were suggested to belong to
the “cement” or “zipper” proteins that function in stabilizing the neighboring symmetrons. In
addition to the zipper proteins, densities of other minor capsid proteins (mCPs) such as finger
proteins or anchor proteins were also found underneath the MCPs. These mCPs were suggested to
facilitate the assembly of capsomers by functioning as inter-capsomer crosslinks or capsid
membrane anchors (Yan, Yu et al. 2009). However, due to their small molecular weights and weak
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densities in cryo-EM reconstructions, the structural nature of these mCPs remained unknown until
recent resolution breakthroughs in cryo-EM reconstruction of NCVs.
Due to the revolutionary improvements in both cryo-EM hardware and software, the
resolution of small particle reconstructions has significantly improved to atomic level (Henderson
2018). However, due to the much larger sizes of NCVs, it remained challenging to determine their
atomic resolution structures, until the recent development of the “block-based” reconstruction
technique (Zhu, Wang et al. 2018, Xian and Xiao 2020). This method resulted in a 3.5Å
reconstruction of PBCV-1, the first near-atomic structure of an icosahedral NCV (Fang, Zhu et al.
2019). A similar method was used in ASFV studies, leading to its near-atomic structure with 4.5Å
resolution (Liu, Luo et al. 2019, Wang, Zhao et al. 2019). With these breakthroughs, 14 and 4
different types of mCPs were identified in PBCV-1 and ASFV, respectively. One of the mCPs is
the SJR protein that pentameries to form the pentameric capsomer (penton) located at the five-fold
vertices. The other mCPs form an intensive network beneath the MCP layer, interacting with both
MCPs and the inner membranes (Figure 1.5.2). Therefore, these mCPs were suggested to play
significant roles in stabilizing the capsomer assembly and in anchoring the capsomers onto the
membrane. The characterization of these mCPs deepened our understanding of the architecture of
icosahedral NCV capsids, leading to the proposals of two models on the viral capsid assembly,
which will be further discussed in the later sections.
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Figure 1.5.2 The minor capsid proteins (mCPs) of PBCV-1. (A) The hexagonal network beneath
the MCPs formed by the 14 mCPs; (B) A schematic diagram of the capsomers and the mCPs
viewed from inside of PBCV-1. Capsid proteins in both panels are colored as indicated by the
legend in the middle. Images from both panel are adapted from reference (Fang, Zhu et al. 2019)
with the permission.

1.6 THE TRIANGULATION NUMBERS OF THE ICOSAHEDRAL NCV CAPSIDS
Like many small spherical viruses, the capsids of icosahedral NCVs are also assembled
from identical protein units in a particular manner following symmetries. It is noteworthy that this
assembly mechanism was suggested as early as 1956 by Crick and Watson (Crick and Watson
1956). Before any atomic structures of viruses were determined, Casper and Klug proposed a
quasi-equivalent theory for constructing an icosahedral virus (Caspar and Klug 1962). Their theory
involved folding up a plane of equilateral-triangular lattice, where 6 triangular units were joined
to form a hexamer at each lattice point. By removing one triangular unit at the perticular lattice
points to introduce the pentamers, the original plane can be folded into an icosahedron with various
sizes (Figure 1.6.1A). Consequently, this folding was formulated by Caspar and Klug into the
triangulation number (T number) with equation:
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𝑇 = h! + hk + k !

(1.1)

when one particular pentamer is chosen as the origin (0,0) and the two axes along the lattice
points are defined as H and K with angle of 60°, the (h, k) are then the coordinates of a
neighbouring pentamer on the triangulated plane (Figure 1.6.1A-B). In this coordination system,
each lattice point can represent either a pentamer or a hexamers. If we define each subunit (eg. the
jelly roll fold) that forms the pentamer or hexamer at each lattice point as a structural unit, of a
given icosahedral virus capsid, the T number is thus the number of the structural units in one
asymmetric unit (ASU) (Figure 1.6.1A). Therefore, the number of structural units in the whole
viral capsid can be calculated through the following equation with the 60-fold icosahedral
symmetry:
𝑁#$%&$&%'( &)*$# = 60𝑇

(1.2)

Their theory presented possibly the most efficient approach to assemble a spherical capsid
with icosahedral symmetry where the assembly of the structural units are quasi-equivalent and
require only minimal distortion in the subunit bondings. This theory was later confirmed in many
small viruses whose high-resolution structures became avaliable (Harrison, Olson et al. 1978,
Hogle, Chow et al. 1985, Rossmann, Arnold et al. 1985). Based on the geometry of icosahedron,
the number of pentamers is always 12, as they are located at the icosahedral vertices, and the
number of hexamers can be calculated based on the given T number using following equation:
𝑁+,-'.,% = 10(𝑇 − 1)

(1.3)

As mentioned above, the capsids of icosahedral NCVs are also assembled from identical
protein units, the trimeric DJR MCPs. If we consider an SJR as the structural unit, the T number,
as well as the number of hexameric capsomers, jelly rolls, and MCPs can be calculated using the
methods and equations developed by Caspar and Klug (Table 1.5.1). In NCVs, the pentameric
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capsomer (penton) or pseudo-hexameric capsomer occupies one lattice point. Therefore, the T
number of NCVs can be calculated from h and k that are the number of capsomers and penton
along the shortest path on the axes of H and K between two neighboring five-fold pentons (Figure
1.5.1A-D, and Figure 1.6.1C-E). Other numbers can then be calculated from the T number. For
example, PBCV-1 has a triangulation number of 169, therefore, its capsid contains 10,140 = (169
× 60) jelly rolls, 1680 = (169 - 1) × 10 pseudo-hexameric capsomers, and 5070 = 1680 × 3 MCPs.
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Figure 1.6.1 The Triangulation number (T number) and examples in viruses with different sizes.
(A) Two examples of T=1 and T=3 icosahedral capsids are shown in subpanel (a) and (b); In panel
(a) and (b), the triangular unit (cyan) is a trimeric form of the structural unit (yellow); The centers
of the pentamers and hexamers are indicated with pink pentagons and blue hexagons, respectively.
The paths for calculating their T numbers from the original pentamer center to its neighboring
pentamer center are indicated with the red and yellow arrows. (B) A matrix of T numbers with
different h and k values. The corresponding T numbers of each (h, k) are shown on top of colored
circles (pink, observed T number; grey, not yet observed T number); The T number area associated
with NCVs, small viruses, and gap area are shaded with light blue, light green, and light grey,
respectively; (C-E) The schematic diagrams of one icosahedral face of PBCV-1, ASFV, and CroV,
respectively. Icosahedral five-fold, three-fold, and two-fold symbols are indicated in red and one
asymmetric unit (ASU) is outlined in blue. Directions for axes K and H are indicated with black
arrows. The capsomers for counting h and k are labeled with green dots. Panel (C), (D) and (E)
are adapted from (Xiao, Fischer et al. 2017) with permission.
The assembly of icosahedral NCV capsids is unique in that the capsomers are arranged
into pentasymmetrons and trisymmetrons. Wrigley N.G, who defined the symmetrons in 1969,
presented a modified Goldberg’s diagram that described all the possible sizes of symmetrons.
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Besides penta- and tri-symmetrons, Wrigley N. G. also proposed the presence of disymmetrons.
However, such a disymmetron has never been observed in any icosahedral NCVs. Later, the
possible combinations of trisymmetron and pentasymmetron sizes were thoroughly studied by
Sinkovits and Baker (Sinkovits and Baker 2010). As indicated by both studies, various values of
h are allowed to form an icosahedron using symmetrons. However, it is interesting that the h values
of all the structurally characterized icosahedral NCVs are always 7, while the k values vary (Figure
1.5.1A-D, Figure 1.6.1B, Table 1.5.1). This is because their pentasymmetrons are always the same
size, including one penton located at the five-fold axis and 30 pseudo-hexameric capsomers
arranged in three layers (Xiao, Fischer et al. 2017). Therefore, when counting capsomers along the
h axis, from a penton towards a neighboring penton, the h number always includes three counts of
hexamers in the pentasymmetron and four counts in the trisymmetron. The count in the
trisymmetron remains four because it is parallel to the neighboring pentasymmetron (which
includes three counts of the hexamers and one count of the penton) (Figure 1.5.1A-D, Figure
1.6.1C-E). It is intriguing that the size of the pentasymmetrons among all known icosahedral NCVs
remains the same (Table 1.5.1). One can speculate that a pentasymmetron with 30 hexameric
capsomers and a penton is the optimal size, however, the regulation factors on the size of the
pentasymmetron remain unknown.
While the structures of many viruses with various sizes were solved and shown to follow
the proposed quasi-equivalent theory, there is a large gap between T=43 and T=147 (Figure 1.6.1B
T numbers on grey circles). Is such a gap because our current data is limited and the viruses with
an intermediate T numbers are to be discovered? Or perhaps, the missing viruses implies that the
assembly of such viruses requires a more difficult mechanism? Are there any underlining
evolutional factors that lead to the two groups of small and giant viruses? Answering these
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questions requires more viruses with various sizes to be identified and structurally characterized
to comprehend their assembly mechanisms.

1.7 THE CURRENT MODELS OF ICOSAHEDRAL NCV CAPSID ASSEMBLY
1.7.1 The Symmetron Assembly Model
The observations of the individual symmetrons in SIV as well as other NCVs have led to
the assumption that the viral capsids were assembled from prepacked symmetrons (Wrigley 1969,
Wrigley 1970). This model became even more convincing as low resolution cryo-EM
reconstructions of NCVs show discontinuous lines at the boundaries of symmetrons (Yan, Olson
et al. 2000, Zhang, Xiang et al. 2011, Klose, Reteno et al. 2016, Xiao, Fischer et al. 2017). It was
then assumed that capsomers were pre-assembled into the symmetrons who will then assemble
into the icosahedron with the help of the mCPs such as the zipper proteins (Yan, Yu et al. 2009).
The near atomic structure of PBCV-1 determined by Fang et al. showed some unique structural
properties of mCPs. Seven different mCPs were found to form a hexagonal network underneath
the trisymmetrons, among which mCP2, mCP3 and mCP11 contribute the most. The mCP2 is the
so-called “tape-measure protein” (TmP), which is located near the boundaries of the
trisymmetrons. The TmP is an elongated protein with a highly extended fiber-like conformation.
There are three copies of the TmPs in each trisymmetron (totally 60 copies in the whole virion),
each of which spans from the center of one pentasymmetron to the edge of a neighboring
pentasymmetron. The first TmP homolog was seen in PRD1 bacteriophage and was suggested to
play roles in regulating the size of the icosahedral viral capsid (Abrescia, Cockburn et al. 2004,
Bamford, Grimes et al. 2005). The mCP11, is the so-called “zip protein” found at the boundaries
of symmetrons; mCP11 also has the highest copy number among all 14 types of mCPs identified
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in PBCV-1. The mCP3, having nine copies in each trisymmetron (totally 180 copies in the whole
virion), is also in extended fiber-like conformation. Interestingly, the three mCP3s located nearby
the three-fold center possess an additional N-terminal helix bundling at the center of the
trisymmetron. In addition, the mCP3s span from this helix bundle to near the edge of the
trisymmetron connecting with the mCP2 TmPs. Based on these observations, the authors proposed
an assembly model in which the capsid assembly starts at the center of the trisymmetron, where
the mCP3 helix bundle serves as the initiation site for capsomers gathering (Figure 1.7.1A-B).
While more capsomers are assembled, the mCP4 and mCP5 are added to secure the capsomer
assembly (Figure 1.7.1C-D). The assembly proceeds with more capsomers added until mCP3
proteins contact with mCP2 TmPs, establishing the edge of the trisymmetron (Figure 1.7.1E-F).
The trisymmetron then connects to its neighboring pentasymmetrons with TmPs (Figure 1.7.1G).
Meanwhile, the zipper proteins glue the neighboring symmetrons together by binding to the
capsomers located on the edges of the symmetrons.
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Figure 1.7.1 A schematic diagram of the proposed symmetron model. (A) The helix bundle formed
by three mCP3s located at the three-fold center serving as an initiation site for capsomer assembly;
(B) The assembly of the first layer of capsomers and more mCP3s; (C) The addition of a second
layer of capsomers and more mCPs including mCP3s, mCP4 and mCP5; (D) The assembly of the
third layer of the capsomers with the help of all three mCPs; (E) The binding of mCP2 tape measure
proteins (TmPs) to the third layer of capsomers and the C-terminals of the mCP3s while more
capsomers are assembled with the help of mCPs; (F) The TmPs establish the boundaries of
trisymmetrons and link the nearby five-fold vertices (purple pentagons). (G) The completion of a
trisymmetron as more capsomers are assembled onto the TmPs. Furthermore, with the help of
TmPs and possibly other mCPs, the capsomers continue to assemble in the pentasymmetron
regions.
This model emphasizes that the mCP3 plays essential roles in the capsid assembly by not
only providing the initiation site for the assembly, but also regulating the size of the trisymmetrons.
Both mCP2 TmP and mCP3 are involved in differentiating the size of NCVs. However, this
assembly model suggests the assembly starts from the flat center of the trisymmetron, which has
never been observed in any EM studies. On the contrary, the assembly was shown to be initiated
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from one of the vertices by many studies mentioned above (Figure 1.4.1). In addition, no
preassembled trisymmetrons or large arrays of capsomers have been observed inside the infected
cells. Assembling from prepacked arrays would show a step-wise process where only certain sizes
of procapsids would be observed, which is inconsistent with the aforementioned EM observations
(Chlanda, Carbajal et al. 2009, Krijnse Locker, Chlanda et al. 2013, Mutsafi, Shimoni et al. 2013,
Milrot, Mutsafi et al. 2016).

1.7.2 The Spiral Assembly Model
As aforementioned, the capsomers within the same trisymmetron are packed in the same
orientation, while they are 60° rotated when being compared to those in the neighboring
trisymmetrons (Figure 1.7.2A). Therefore, if the 30 hexagonal capsomers in the same
pentasymmetron were to be divided into 5 small triangular arrays, one would assume based on the
packing of the trisymmetrons, that the 6 capsomers in the same triangular array would share the
same orientation. However, the orientations of these capsomers within the pentasymmetrons had
not been thoroughly examined until 2017 when Xiao et al. elucidated that one capsomer in the
third layer (capsomer P1d in Figure 1.7.2B) of the triangular array is rotated by 60° compared to
the other five capsomers (Figure 1.7.2B). Meanwhile, this uniquely orientated capsomer shares the
same orientation as the capsomers from its clockwise neighboring triangular array. As a result, the
orientation of capsomers in the pentasymmetron shows an interesting pattern that resembles five
interlocked heads of golf clubs (Figure 1.7.2A). More interestingly, those uniquely orientated
capsomers (capsomer P1d in Figure 1.7.2B and its five-fold related equivalents) share the same
orientations with those in the nearby trisymmetrons forming a spiral pattern (Figure 1.7.2A). This
spiral pattern is highly conserved in all the icosahedral NCVs. Xiao et al. then proposed an
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assembly model where the assembly of the icosahedral viral capsid initiates from the five-fold
vertex, as the capsomers continuously assemble in a spiral fashion (Figure 1.7.2C) (Xiao, Fischer
et al. 2017).

Figure 1.7.2 The capsid structural features and a schematic diagram of the proposed spiral
assembly model. (A) The capsid of PBCV-1, where the hexameric capsomers are colored based
on their packing orientations in red, green, blue, orange, and cyan, respectively. The penton located
at the five-fold vertices are colored in purple. One ASU of the pentasymmetron and the three
capsomers located at the two-fold center are outlined by yellow and red dashed lines, respectively;
(B) An enlarged view of the ASU of the pentasymmetron outlined by yellow dashed lines in (A).
The orientation of the capsomers is highlighted with red and green triangles, respectively. The
vertices of these triangles correspond to the locations of jelly roll 2 (J2 in Figure 1.5.1E); (C) A
simplified diagram of the spiral assembly model where the assembly initiates from the penton (the
purple pentagon) at the five-fold vertex; The capsomers assemble around the penton layer by layer
in a spiral pattern, which is indicated by the five curved black lines. The pentasymmetron region
is shaded with a light pink pentagon in the background. The electrostatic interaction may facilitate
the assembly of capsomers by favoring their packing orientations into the spiral pattern. Image is
adapted from reference (Xian and Xiao, 2020) with permission.

To the best of our knowledge, the spiral assembly model is the first proposed one that is
in agreement with current EM studies showing that the assembly is a continuous process
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initiating from the five-fold vertex (Chlanda, Carbajal et al. 2009, Krijnse Locker, Chlanda et al.
2013, Mutsafi, Shimoni et al. 2013), Milrot, Mutsafi et al. (2016). This spiral model emphasizes
the role of the MCP capsomers in forming into a high-ordered structure. The crucial role of MCP
in the icosahedral capsid assembly is supported by experimental observations. Infecting host
cells with the recombinant ASFV whose MCP expression was repressed resulted in the
accumulation of extended membrane-like structures instead of the icosahedral procapsids. By
introducing functional MCP back into the infected cell with various methods, the formation of
icosahedral capsid was rescued (Garcia-Escudero, Andres et al. 1998, Epifano, Krijnse-Locker et
al. 2006). These results collectively suggested that the MCPs play a significant role in
assembling the icosahedral capsids.
The spiral model provided some clear descriptions of the initialization of the continuous
assembly process where the electrostatic properties of the MCPs might guide the assembly of
capsomers. However, the spiral model left two unanswered questions about how the spiral
pattern progresses from the initial five-fold vertex to the neighboring ones and how the size of
the icosahedral NCVs is controlled.

1.7.3 The mCP scaffold model
The recent epidemic of ASFV from 2018 to 2019 in China led to a devastating impact to
the food industry and economy in general (Zhou, Yu et al. 2019). In the efforts to develop
vaccines or drugs against the disease, two near-atomic cryo-EM structural studies of ASFV were
published in 2019 (Liu, Luo et al. 2019, Wang, Zhao et al. 2019). In these two structural studies,
besides the MCP (p72 of ASFV), four mCPs were characterized (Table 1.7.1) with different
nomenclatures. In this review, we follow the names used by Wang et al. Compared to the 14

28

types of mCPs identified in PBCV-1, the lower number of mCPs in ASFV might be due to the
lower resolution of the map. Alternatively, this might be because ASFV has the icosahedral core
shell to stabilize the virion, thus requiring less mCPs.
Table 1.7.1 Names of mCPs in ASFV from the two structural studies.
mCPs

(Wang, Zhao

(Liu, Luo et al.

Gene ID

et al. 2019)

2019)

penton protein

penton protein

penton protein

H240R

TmP

pM1249L

P2

M1249L

p17

p17

P1

D117L

p49

p49

Not observed

B438L

Zipper protein

Not observed

P3

To be identified

Among the four ASFV mCPs, the penton protein and TmP are structural homologs to
those in PBCV-1, respectively. Another mCP p17 was found on the inner viral membrane of
ASFV forming a similar hexagonal network to that of PBCV-1 without any helix bundles located
at the three-fold center. It was suggested that p17 adapts a different conformation at the
boundaries of the symmetrons (Wang, Zhao et al. 2019) while the other reconstruction study
suggested the presence of a different mCP (P3), to be identified (Liu, Luo et al. 2019). This p17,
with comparable abundance to MCP, was also found on the viral membrane precursor and other
capsid assembly intermediates of ASFV (Rouiller, Brookes et al. 1998, Suarez, Gutierrez-Berzal
et al. 2010). The absence of p17 blocked the ASFV morphogenesis, leading to the accumulation
of viral membrane precursors as well as the delocalization of the MCPs. These results suggested
a strong relationship between the p17 and MCPs, which is crucial to drive the assembly process
29

of intact icosahedral particles. The last mCP, p49, was proposed to be located below the penton
based on the weak lantern-like densities connecting the penton and inner membrane while
associating the five neighboring capsomers (Wang, Zhao et al. 2019), consistent with
immunoelectron microscopic studies on intact virions (Alejo, Matamoros et al. 2018). However,
these densities were too weak for determining the atomic structure, and were not observed in the
other reconstruction of ASFV (Liu, Luo et al. 2019). In the viral factory of the host cell infected
by ASFV recombinants with repressed expression of p49, large tubular structures instead of
normal icosahedral virions were found to accumulate. These tubular structures were covered by a
capsid-like layer that consists of MCPs, p17, and core shell components (Epifano, KrijnseLocker et al. 2006). These results suggested that the p49 is likely to be located at the five-fold
vertex and is essential in initializing the capsid assembly.
In addition to the published mCPs (Table 1.7.1), Liu et al. pointed out that there are
additional densities on the ASFV capsid that may represent more mCPs to be identified in future
higher resolution structures. Nevertheless, the structural and molecular virological studies of
mCPs have led to another interesting model on the assembly of NCV capsids (Figure 1.7.3)
(Wang, Zhao et al. 2019): prior to capsid assembly, p17 randomly floats on the inner membrane.
Initiated by p49, the penton docks on the inner membrane and recruits the MCPs to the vertex
(Figure 1.7.3A). The TmPs then function as the skeletons and carry more capsomers to expand
the penton core to form the pentasymmetron (Figure 1.7.3B). The TmPs will also establish the
boundaries of the trisymmetron (Figure 1.7.3C), forming the polyhedral framework that allows
MCPs to dock on the membrane surface with the help of p17 (Figure 1.7.3D). As the TmPs
extend the framework to form an icosahedral cage with the concaved membrane inside, the
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MCPs continue to dock on the membrane surface until the capsid assembly is complete (Figure
1.7.3E).

Figure 1.7.3 A schematic diagram of the proposed mCP scaffold model. (A) The initiation of the
capsid assembly at the five-fold vertices; (B) The attachment of TmPs and the carried capsomers;
(C) The docking of capsomers near the TmPs; (D) The continuous docking of capsomers in the
framework; (E) The completed docking of capsomers in the frameworks. The p17, penton, pseudohexameric capsomer, and TmP are represented as indicated by the legend on the lower left.

This model is not only consistent with previous EM studies but also supported by many
molecular virological studies that show p17 and p49 are essential for icosahedral capsid
assembly (Suarez, Gutierrez-Berzal et al. 2010) (Epifano, Krijnse-Locker et al. 2006). However,
in this model, the capsid extension from the initial vertex to the symmetrons relies heavily on the
TmPs’ ability to build the polyhedral framework. As mentioned, the TmP is an elongated protein
with extended fiber-like structure. In addition, the TmP from PBCV-1 is rich in glycine residues
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(9.7%) indicating that it is very flexible. It is hard to imagine such a protein can form the rigid
framework. In addition, this model neglects the function of MCP, which is inconsistent with
molecular and EM studies showing MCP is essential for the formation of the polyhedron. No
polyhedral membrane structures were observed when MCP expression was repressed (GarciaEscudero, Andres et al. 1998, Epifano, Krijnse-Locker et al. 2006).

1.8 OBJECTIVES AND SIGNIFICANCES
The process of giant virus assembly has always been a challenging but fascinating topic as
it occurs in a very complicated biological environment and requires close and precise associations
from the viral membranes and thousands of protein units. Two decades of structural studies,
especially the three recent high resolution cryo-EM reconstructions, have revealed the extremely
complicated architectures of the icosahedral NCVs. In addition, the viral morphogenesis studies
of NCVs focusing on their viral factories have provided fruitful information on the assembly of
their capsids. Striking similarities are found in both structures and morphogenesis of NCVs,
indicating these viruses are likely to be assembled in similar mechanisms and evolve from a
common ancestor. Based on these analyses of the structural and molecular experimental data,
scientists have proposed several models that deepened our understanding of the assembly
mechanism of such large and complex viral capsids. However, these models remained pure
speculations. To fully understand the mechanism of their capsid assembly, massive work is
needed, including determine their capsid structure at atomic resolution and characterizing their
molecular interaction using both biological and biophysical techniques. This project focuses on
pushing the resolution limitation posted in the field of NCV single particle reconstruction and
developing innovative approaches to investigate the structure as well as their interaction at the
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molecular level. Through our structural analysis among several different NCVs, we not only
highlighted the evolutionary relationship among these viruses, but also recognized several
interesting features on their viral capsid that uniquely facilitate their host recognition. Through our
multi-scale investigation, we established the roles of viral membrane and capsid proteins in the
highly complicated processes of viral morphogenesis. And by thorough deciphering the assembly
process of the large icosahedral NCV capsids, we proposed a new model that takes into
consideration of many experimental evidence, as well as the recent high resolution structures of
the viral capsids. Finally, we draw attention to the to-be-answered questions that require further
examination, hence, piloting the possible directions for future investigations. Research done in this
project will depend our understanding in the capsid assembly of the NCVs giant capsids and the
life cycle of NCVs, such as host recognition and the genome delivery.
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CHAPTER 2: Structural Determination of Aureococcus anophagefferens Virus (AaV)
2.1 INTRODUCTION OF AUREOCOCCUS ANOPHAGEFFERENS VIRUS (AAV)
Many marine NCVs have been found to play significant roles in important ecological
processes within the ocean. One compelling example is the Aureococcus anophagefferens virus
(AaV), a large virus that name after its host Aureococcus anophagefferens. A. anophagefferens is
one of the main species of the algae that caused recurrent harmful brown tide worldwide (Gobler
and Sunda 2012, Zhang, Qiu et al. 2012). Such brown tides can cause severe light attenuation
leading to the destruction of sea grass beds, and can be toxic to bivalves (Gobler and Sunda 2012).
By infecting A. anophagefferens, AaV is capable of reduce the population of the algae, allowing
carbon and other nutrients to be regenerated within two days (Gastrich, Leigh-Bell et al. 2004,
Gobler, Berry et al. 2011, Gobler and Sunda 2012, Moniruzzaman, Gann et al. 2016,
Moniruzzaman, Gann et al. 2018). Having a capsid diameter of the 1800Å, AaV is by far the
smallest member of the Mimiviridae family, and yet carries a ~370kb DNA genome that were
shown to have frequent gene exchange with its host, making itself an interesting target for
evolutional studies. Furthermore, our recent study shown that AaV carries proteins involved in
sugar degradation and binding, such as the carbohydrate lyases, which is unique among the
characterized NCVs, presenting itself as an compelling target for studying metabolic capabilities
in NCVs (Gann, Xian et al. 2020).

2.2 GOALS AND SPECIFIC AIMS
While many studies have done on understanding its genome organization and host-virus
dynamic, the physical structure of the AaV particle and the mechanisms of its host recognition
remain unknown. The structure of AaV will shed light on functional aspects of this virus’ life cycle
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and its infection mechanism, such as host recognition, viral attachment, and genome delivery. Our
cryo-EM reconstruction of the AaV capsid shown that it has a Triangulation number of 169, which
is identical to that of Paramecium bursaria Chlorella virus 1 (PBCV-1), one of the most intensively
studied NCVs by far. It is of great interest to compare the capsid structure of AaV to PBCV-1 to
investigate whether AaV also process a similar hexagonal network formed by mCPs, especially
the tape measure protein. Together with the structure information of PBCV-1, a conserved
assembly pathway that describes the initiation and extension of giant viruses’ capsids can be
established. The primary goal is to optimize the purification and freezing protocols of intact AaV
particles for cryogenic Electron Microscopy (cryo-EM) data collection. The optimized protocols
will facilitate the cryo-EM single particle reconstruction of AaV capsid to a target resolution of
10Å that the capsomer organization and orientation can be appreciated. This work will pave the
way for obtaining the high resolution structure of AaV and deciphering the assembly of its capsid
assembly.
Specific Aim #1: To optimize the viral purification and cryo-EM sample preparation
protocols to obtain high resolution cryo-EM images of the intact AaV particles. The initial AaV
sample was in sea water with high concentration of salt and heavily contaminated by the algae and
bacteria. The high concentration of salt will significantly affect the freezing process resulting in
ice formation that lead high noise background in the cryo-EM images. However, the AaV particle
appears to be highly sensitive to the concentration of the salt during dialysis to reduce the salt for
cryo-EM. This is likely because the genome of AaV is tightly packed inside the capsid that even
minor change in the osmatic pressure will lead to deformation of the viral particle. Therefore, the
purification of AaV under cryogenic condition can’t be performed using the traditional viral
purification protocol and need to be tailored to accommodate to high sensitivities to the salt
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concentration of the viral particles. The freezing condition of AaV will also needed special
customization to ensure that the AaV particle remain intact during the freezing process.
Specific Aim #2: To analysis the capsomer organization within the AaV capsid though
single particle reconstruction. With the obtained cryo-EM image, particles of AaV will be
extracted and processed for single particle reconstruction. Techniques such as defocus refinement
and localize reconstruction will be used to push the resolution limitation on the reconstruction. The
final resolution of AaV map will be estimated by standard Fourier Shell Correlation method. The
AaV MCP homology model will be fitted into the obtained EM map to further validate the
reconstructed map.

2.3 MATERIALS AND METHODS
2.3.1 Homology Modeling of the AaV MCP
The Amino acid sequence of the putative capsid protein AaV_096 (GenBank: AII17119.1)
was aligned with the PBCV-1 MCP (PDB ID: 5TIP) using CLUSTAL Omega (Sievers, Wilm et
al. 2011) to determine their domain similarity. The sequence was submitted to homology modeling
I-TASSER server (Yang, Yan et al. 2015). To analysis the structural similarity of the AaV model
to other know major capsid protein in NCVs, the obtained model was then superimposed to the
atomic structure of the PBCV-1 major capsid protein using the match maker in Chimera (Pettersen,
Goddard et al. 2004).
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2.3.2 Virus Purification
2.3.2.1 Optiprep Density Gradient Purification
The concentrated AaV culture was kindly provided by Dr. Steven W. Wilhelm and his
graduate student Eric R. Gann (Gann, Xian et al. 2020). After concentrating to the smaller volume
of approximately 50mL. The concentrated the culture were loaded on top of a 12ml
20/24/28/32/36%(w/v) OptiprepTM gradient. The gradient was prepared with the 60% (w/v)
OptiPrep™ Density Gradient Medium (Sigma-Aldrich, catalog # D1556) in high salt buffer
(50mM Tris, pH8.0, 500mM NaCl, 0.02% NaN3, 5mM MgSO4) in the thin-walled 14 ml Ultraclear™ ultracentrifuge tubes (Beckman, catalog # 344060). For each gradient, 1ml sample was
gently loaded to the top of the gradient with minimum disturbing of the gradient. The gradients
were then centrifuged for 3 h at 100,000xg using the Beckman SW32.1 Ti rotor (Beckman, catalog
# 369650) in Beckman Optima L-90K Ultracentrifuge. Initially, all the visible bands separated by
the density gradient were collected separately by puncturing the side of the tube with a 23 G
needles. To remove the Optiprep media, the samples were then slowly diluted ten-fold with the
low salt buffer (50 mM Tris-Base, pH 8.0, 350 mM NaCl, and 5 mM MgCl2), and pelleted by
centrifugation at 8,000xg for 1hours. The AaV pellets were collected and then prepared for TEM
analyses.

2.3.2.2 Lysozyme Treatment Followed by Centrifugation Purification
To investigate whether lysozyme can help remove the bacterial contamination from the
AaV concentrate, the sample was first pelleted at centrifugation 12 hours of 500 xg and
resuspended to a final volume of 50 ul. Freshly prepared lysozyme (Sigma Aldrich, catalog
#10837059001) was added to the resuspended pellet to a final concentration 0.5 mg/ml and
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incubated at 4°C overnight with shaking. The sample was pelleted at 8000xg for 5 min hours and
subjected to TEM analysis.

2.3.2.3 Triton X-100 Treatment Followed by Serial Centrifugation Purification
2After

concentrating to the smaller volume of approximately 50mL, the majority of the

bacteria contamination were removed by pelleting the concentrates by 5,000xg/5min
centrifugations followed by filtration with a 0.45-mm pore-size syringe filter (Millex-HV 0.45 mm
nominal pore-size PVDF, Millipore Sigma, United States). In order to remove the residual bacteria
contamination, the concentrated viral samples were incubated with 1% Triton X-100 at 4°C
overnight. The AaV sample was divided into 1-mL aliquots in 1.5 mL microcentrifuge tubes and
pelleted by centrifugation at 1,000 xg for 1 hour. To remove the detergent leftover from previous
steps, AaV pellets were collected and slowly diluted 200x with Tris-Base buffer A (50 mM TrisBase, pH 8.0, 500 mM NaCl, and 5 mM MgCl2) using a Fusion 200 syringe pump (Chemyx, United
States) at a flow rate of 0.02 ml/min with the sample tube shaking. Next, the diluted AaV sample
was concentrated by centrifugation at 1,000xg for 1 hour in 1-mL aliquots and again slowly diluted
with Tris-Base buffer B (50 mM Tris, pH 8.0, 5 mM MgCl2) to reach a final salt concentration of
250 mM. Finally, the AaV sample was concentrated to a volume less than 10 ml by centrifugation.
The purified AaV sample was then prepared for TEM analysis to estimate its concentration and
purified prior cryo-EM data collection.

2 Some parts in this chapter, identified by vertical lines in the right margin, are taken verbatim from published
papers by the same author of this dissertation (Gann, Xian et al. 2020).
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2.3.3 Transmission Electron Microscopy Analysis
For each collected the samples from Optiprep gradient purification, 3.5 µL of sample
solution was loaded onto a carbon-coated copper grid and incubated at room temperature for 3min.
Prior sample loading, the grid was glow discharged using Emitech K950 carbon coater with K350
glow discharge unit for 1.5min with a current of 15mA. After the incubation, the excess solution
was blotted with filter paper. The sample was then stained three times with 10 µL of freshly
prepared 2% uranyl acetate and dried overnight at room temperature. Samples were imaged at 300
kV with a 80,000x nominal magnification on a JEOL JEM-3200FS transmission electron
microscope equipped with a field emission gun and an in-column omega filter. The micrographs
were recorded on a Gatan 4k x 4k UltraScan US4000 CCD camera with defocus values at
approximately 3μm. Beside serving as a screening method to identify the AaV band from the
optiprep density gradients, TEM analysis was also utilized as a validating method for the purified
virus sample from serial centrifugations to assess whether the concentration and purity of the viral
sample is ready for high resolution cryo-EM data collection.

2.3.4 Cryo-EM Data Collection
Cryo-EM specimens were prepared by adding 3.5 µL of the final AaV sample on
a Quantifoil R 3.5/1 grids (Quantifoil Micro Tools GmbH, Germany), blotting manually, and
vitrified using a guillotine style plunging device into liquid ethane at liquid nitrogen temperature.
Cryo-EM data were collected at the NIH-funded regional cryo-EM consortia at UCLA and
Stanford SLAC on Titan Krios G3 microscopes (Thermo Fischer Scientific, United States)
equipped with Gatan BioQuantum Energy filter and K2 detector in EFTEM mode with nanoprobe.
The reported magnification was 105,000x, resulting in pixel sizes of 1.36 and 1.34 Å/pixel in the
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collected movies from UCLA and Stanford SLAC, respectively. Movies were collected for 7 s at
5 frames/s. The total dose level was at approximately 30 e-/Å2.

2.3.5 Cryo-EM Reconstruction of the Whole AaV Capsid
The collected movies were motion corrected and dose weighted using MotionCor2 (Zheng,
Palovcak et al. 2017) to generate final micrographs (Figure 2.3.1C). A total of 570 particles were
boxed from the micrographs using e2boxer.py (Tang, Peng et al. 2007) (Figure 2.3.1D) and used
for particle reconstruction by the program Relion3 (Zivanov, Nakane et al. 2018) (Figure 2.3.1EI). As the primary focus of this study was the viral capsid formed by MCPs, a soft mask was
applied in the 3D refinement to remove the inner membrane and the viral genome sack, which
resulted in significant improvement in the resolution of the viral capsid. The resolution of the
reconstruction was determined by the gold standard Fourier Shell Correlation (FSC) with a
threshold of 0.143. Visualization of the density map was done by Chimera (Pettersen, Goddard et
al. 2004). Electron microscopy data were deposited to the Electron Microscopy Data Bank under
the access code: EMD-22339.
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Figure 2.3.1 The workflow of AaV cryo-EM reconstruction. (A) Purification of the intact AaV
particles through serial centrifugations in small aliquots; (B) A negative-stained micrograph from
TEM analysis of the purified AaV sample; (C) Many micrographs from the cryo-EM data
collection of the purified AaV sample after motion correction; (D) Particle picking of the intact
viral particles; (E) Estimation and collection of the contrast transferring function of the AaV
micrographs; (F) 2D classification of the selected AaV particles; (G) The initial model of the AaV
viral particle built from the two dimensional averages in panel (F); (H) 3D classification of the
selected AaV particles using the initial model in panel (G) as a reference; (I) The final refined
cryo-EM model of AaV at 9.5Å.

2.3.6 Localized Reconstruction of the AaV Capsid Protein
To improve the resolution of the reconstruction of the viral capsid, a newly developed
method called localize reconstruction was utilized. In this method, using the exiting the refinement
parameters, the density at a chosen area was reextracted from the original micrograph and merge
into one dataset based on their symmetry, which can potentially increase the reconstruction
resolution. The density located at all 12 five-fold vertices were extracted using
relion_symmetry_expand and relion_preprocess program (Zivanov, Nakane et al. 2018) with a
diameter of 180Å. For example, All 570 particles in the SLAC-06/26/2019 dataset were utilized
in this process, resulting a total number of 6,840=(570x12) images of the five-fold vertex. These
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images were then merged and utilized to reconstruct the cryo-EM density map using the
relion_reconstruct program (Zivanov, Nakane et al. 2018) to create a EM map that focus on the
pentameric capsomer only. Similar process was performed to extract the hexameric MCP density
located the at two-fold and three-fold center, resulting focused maps with an estimated resolution
of 6Å. The obtained EM map of individual capsomers were visualized by Chimera (Pettersen,
Goddard et al. 2004). To estimate the accuracy of the reconstructed maps for pentameric capsomer,
the atomic structure of the Mavirus penton protein (PBD ID: 6G42) were fitted into to the segment
map using the Fit in map function. Similarly, the AaV MCP homology model was fitted into the
capsomer density maps reconstructed from two-fold and three-fold center, respectively.

2.4 RESULTS AND DISCUSSION
2.4.1 Homology modeling of the AaV MCP
Sequence alignment done Clustal Omega shown that the AaV MCP share 49.02% identity
to that of the PBCV-1 MCP (Figure 2.4.1A). Consistent with the sequence alignment, the modeled
structure of AaV MCP also process a common DJR folds and share a remarkable similarity with
the MCP of PBCV-1 (Table 2.4.1). In addition to the DJR core, the homology model also shown
very high similarity at the flexible N-terminal, which was suggested to play role in stabilizing the
MCP trimers by linking the neighboring MCP. The putative MCP of AaV contained 470 amino
acid, which is 33 amino acid longer than PBCV-1 MCP (437 amino acid). Both sequence
alignment and homology modeling suggested that the main difference between these two protein
are in the flexible loops located at the top of the capsid protein (square region in Figure 2.4.1B-C).
While the AaV MCP has longer flexible loops that lack of secondary structure, the PBCV-1 MCP
processes an additional short helix on top the jelly-roll 2 (Figure 2.4.1B). However, we
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acknowledge that these loops should remain flexible and the predicted similarity may be bias in
homology modeling.
Table 2.4.1 The RMSD of the AaV homology models when compared to the PBCV-1 MCP.
Model RMSD(pruned atom pairs) /Å

RMSD(all atom pairs)/ Å

C-score*

#1

0.816

4.419

-0.29

#2

0.531

4.996

-0.59

#3

0.780

4.478

-0.75

#4

0.502

6.027

-1.19

#5

0.977

7.201

-3.07

* C-score is a confidence score for estimating the quality of predicted models by I-TASSER, and
is in the range of [-5,2] where a C-score of higher value signifies a model with a high confidence.
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Figure 2.4.1 Sequence alignment and Homology modeling of the MCPs from AaV and Cafeteria
Roenbergensis Virus (CroV). (A) The sequence alignment of the MCPs from AaV, CroV and
PBCV-1. The identical residues in the two sequences are shown in white and highlighted by red
boxes, while the conserved residues are shown in red and highlighted by unfilled blue boxes. The
secondary structure of AaV MCP based on homology modeling is displayed on top of the
corresponding sequence, while that of the CroV is displayed on bottom of the corresponding
sequence. The sequence belonging to the long DE loop of CroV MCP is lighted in the green boxes.
The sequence alignment were done by Clustal Omega, while the final rendering was done by
ESPrint 3.0 (Robert and Gouet 2014). (B) and (C) the front view and the side view of the structure
comparison between the homology model of the MCPs of AaV and CroV to the atomic structure
of the PBCV-1 MCP. The MCPs of AaV, CroV and PBCV-1 are pink, light green and light blue,
respectively. The dash line square indicates the regions where major structural variations are
founded, the surface loops.

2.4.2 Optiprep Density Gradient Purification
The TEM images of all the visible bands collected from the optiprep density gradient were
shown in Figure 2.4.2. Ultracentrifugation of the sample-loaded optiprep density gradient shew
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three visible white bands (Band #1, #2, and #4 in Figure 2.4.2A). Densities located approximately
26% (directly above the band #4) and 32% (directly below the band #4) were also collected to
reduce the loss of the AaV particles during the band extraction. Our TEM analysis shown that the
top two bands at approximately 20% and 22% belonged to bacteria (Figure 2.4.2B-C). The density
at approximately 26% contained some residual bacterial contamination, while the density at
approximately 32% mainly contained small liposomes and cell debris released during the
purification process (Figure 2.4.2D-F). A small population of AaV particles was observed in the
band located at 30%, however, the viral particle was shown be heavily contaminated by broken
bacterial and other cell debris (Figure 2.4.2E). This result suggested that most of the AaV particle
was likely broken during process of the optiprep density gradient purification.
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Figure 2.4.2 Transmission electron microscopy analysis of the optiprep gradient purified AaV
sample. (A) The optiprep gradient after 3hrs centrifugations showing three visible bands. The
percentage of the optiprep were indicated on the left while the four bands are labelled on the right.
Panel (B), (C), (D), (E) and (F) are representative TEM images of samples corresponding to the
band #1, band #2, clear density #3, band #4, and clear density #5 in panel (A); Several of the
representative AaV particles in panel (E) were indicated by red arrows. Scale bars, 200nm.

2.4.3 Lysozyme Treatment
Lysozyme has been widely used for rupturing the bacteria cell walls. We were interested
in whether lysing the bacterial cell will help remove the bacteria contamination in our AaV
concentrate. The AaV concentrate was then treated with lysozyme prior TEM imaging (Figure
2.4.3). Our result shown that the bacteria were indeed lysed by lysozyme, however, this procedure
introduct more contamination to the AaV concentrate as the liposome and other cell organ were
also released from the lysed bacteria.
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Figure 2.4.3 Transmission electron microscopy analysis of the lysozyme treated AaV sample. (A)
AaV sample before lysozyme treatment; Three of the representative AaV particles were indicated
by red arrows. (B) AaV sample After lysozyme treatment; Scale bars, 200nm.
2.4.4 Structural Characterization of AaV Capsid
High resolution cryo-EM micrograph shown that AaV possesses an three layer architecture
that were commonly seen in other NCVs (Figure 1.5.1A): the outer capsid, inner membrane and
an genome core. Unlike that of the Mimivirus, the surface of AaV capsid isn’t decorated by a dense
layer of fibrils. It was also interesting that while the genome core were tightly packed in the capsid
with the help of the inner membrane, there is a pocket beneath certain vertex (Figure 2.4.4A). A
similar pocket was previously seen in APMV with a concaved surface of the genomic sack envelop
facing the star-gate (Xiao, Kuznetsov et al. 2009). Similar pockets have also been seen in phagelike portal of PBCV-1. While the detailed structure of these pockets are still lacking, they were
suggested to serve as the storage for viral factors that are necessary for initialization of the viral
invasion (Zauberman, Mutsafi et al. 2008, Cherrier, Kostyuchenko et al. 2009, Xiao, Kuznetsov et
al. 2009, Zhang, Xiang et al. 2011, Milrot, Shimoni et al. 2017).
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Figure 2.4.4 Cryo-EM reconstruction of AaV. (A) A representative cryo-EM images of the AaV
intact particles. The unique vertex that contains an isolated membrane pocket is highlighted by a
red arrow; (B) The center section of reconstructed AaV capsid. The diameter of the viral capsid is
labeled; (C) The isosurface of AaV capsid. Capsomers are colored based on their orientation in
red, blue, green, cyan, and orange. The pentameric capsomers are colored in purple. The borders
of two trisymmetrons are highlighted in yellow, whereas the borders of two pentasymmetrons are
highlighted in light green. The capsomer centers for calculating T number along h and k axes are
labeled by cyan dots. Icosahedral fivefold, threefold, and twofold axes are labeled in red symbols.
The scale bars in panels (A,C) represent 500 Å. Images adopted from reference (Gann, Xian et al.
2020)with permission.

Using 570 intact AaV particles, a 9.5-Å-resolution reconstruction of intact AaV capsid was
obtained where the number and orientations of its capsomers were cleared resolved. The
reconstruction demonstrated that the AaV particle has a T-number of 169 (h = 7, k = 8), and a
diameter of 1,800Å, which are identical to those of PBCV-1. Similar to those seem in PBCV-1
and other NCVs, the capsomers are arranged into trisymmetrons and pentasymmetron throughout
the viral capsid. Identical to other NCVs, the pentasymmetron of AaV consists of 30 hexameric
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capsomers and one pentameric capsomer. In addition, the orientation distributions of the
capsomers are showing the conserved spiral pattern as seen in PBCV-1 and other icosahedral
NCVs (Xiao, Fischer et al. 2017, Gann, Xian et al. 2020). Although the near-atomic resolution
structure of AaV MCP is not yet available, these results in consistent with our homology modeling
of the AaV MCP, which share remarkable structural similarity to that of the PBCV-1. These
observation suggest that the AaV is likely to assemble through one of the proposed assembly
hypothesis discussed in section 1.7.2.
Due to the limited number of the virus images, the current reconstruction fail to determine
whether there is a unique vertex of AaV. However, using the localize reconstruction technique
(Figure 2.4.5A), the density of the pentameric capsomer were extracted and reconstructed to a
focused EM map with the improved resolution of approximately 6Å (Figure 2.4.5C). Similar
approach was applied on the reconstructing a single hexameric capsomer (Figure 2.4.5D).
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Figure 2.4.5 Localized reconstruction of the AaV capsomers. (A) Demonstration of extracting
density of the capsomers around the C2, C3, and C5 axes from the center of the virus. The capsid
of the AaV is shown in light blue with 50% transparency. The five-fold, three-fold, and two-fold
center on the capsid are indicated by red pentagon, triangle and the ellipse, respectively. The x, y,
z axes are shown in grey. The icosahedron has totally 30 of C2 axes, 30 of C3 axes, and 12 of C5
axes, only three of the C2, C3, and C5 axes are labeled here and are colored in pink, blue, and
green, respectively. The corresponding densities that were extracted for focus reconstruction were
shaded with pink, blue, and green ellipses. (B) The ribbon diagram of the structure two know
penton proteins. Subpanel (a) is the PBCV-1 penton protein (PDB ID: 6NCL), while subpanel (b)
is the Mavirus penton protein (PDB ID: 6G42). Subpanel (c) is diagrammatic representation in the
arrangement of β-strands in the Mavirus penton protein. SJR, single jelly roll; ID, insertion
domain; In all three subpanel, the SJR domain are colored in light blue, while the insertion domain
are colored in pink. (C) The top view (left) and side view (right) of the pentameric capsomer map
with the Mavirus penton protein fitted inside. The densities belong to the five penton proteins are
colored in orange, blue, red, green and yellow, respectively. The Mavirus penton are shown in red
ribbon diagram. In the side view, the density belong to the SJR core and the ID is labeled and
separated by a dash line. (D) The top view (left) and side view (right) of the hexameric capsomer
map with the modeled AaV MCP trimer fitted inside. The densities belong to the three MCPs are
colored in blue, green and yellow, respectively. The location of the jelly-roll 1 (J1) and jelly-roll
2 (J2) are indicated. The MCP trimer are shown in red ribbon diagram. Images from all panels
except subpanel(c) are generated by Chimera (Pettersen, Goddard et al. 2004).
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2.4.5 The Structure Analysis of AaV Pentamer
Our reconstruction shown that the AaV pentameric capsomer has a similar architecture to
the penton proteins in on other NCVs, such as PBCV-1 (Figure 2.4.5Ba). The pentameric capsomer
is likely formed by five copies of penton proteins that contains a SJR core at the bottom and a head
domain on the top. Similar penton protein is also seen in virophage, Mavirus (Born, Reuter et al.
2018) and Sputnik (Zhang, Sun et al. 2012) (Figure 2.4.5Bb-c).
While no full-length structures of the NCV penton proteins are available, much information
can be learned from the virophage penton proteins, as they are predicted to share high structural
similarities. The penton proteins from both Mavirus and Sputnik contain two domains: the lower
SJR domain and the upper insertion domain (ID). While the SJR fold is highly conserved in the
virophages, the ID domain harbor the main structural differences between these two virophages.
The ID domains were suggested to be flexible on top of the SJR domains due to the connecting
loop between the two domains (Born, Reuter et al. 2018). Based on these information, we suspect
that the AaV penton protein also have a flexible ID domain. This is consistent with our cryo-EM
reconstruction on the AaV penton protein (Figure 2.4.5C) that accommodates both the ID domain
and the SJR domain very well when the full length structure of the Mavirus penton protein was
fitted. Such a flexible ID domain were also seen in the ASFV penton protein (Liu, Luo et al. 2019).

2.5 CONCLUSION
AaV is a unique member of NCVs that not only posts major economic impact in the marine
environment, but also serves as an interesting target for studying the virus-host gene exchange and
viral metabolic capabilities. In this chapter, we determined the optimal approaches for purifying
homogeneous intact viral particle for cryo-EM, which pave the way for future high resolution
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structure determination. In our initial structural studies, a 9.5Å cryo-EM map was reconstructed
from 570 intact viral particles. This reconstruction revealed that AaV’s capsid has a T-number of
169, which is identical to that PBCV-1. The capsomer arrangement are conserved with the
characterized icosahedral NCVs by far. Similar to that of PBCV-1, the capsomers are in pseudohexagonal shape with a small density on the surface region. This is consistent with our homology
modeling of the AaV MCP showing that the AaV capsomer share remarkable structural similarity
to that of PBCV-1 with a small variation on the surface loops. In addition to the hexagonal
capsomers, the pentameric capsomers located at the five-fold vertices were also reconstructed to
an estimated resolution of 6Å, showing that these pentameric capsomers are likely to be formed
by five penton protein that contains a SJR core domain and flexible head group (ID domain).
Furthermore, our high-resolution cryo-EM images shown that the AaV particle processes a unique
vertex beneath of which a pocket was observed (Figure 2.4.4A). While the high-resolution
structure of this unique vertex is still lacking, this finding suggested a possible mechanism of viral
genome delivery using the portal and the materials stored in the pocket.

2.6 FUTURE DIRECTION
To thoroughly understand the molecular mechanism of its assembly, a near-atomic
resolution structure of AaV is needed. One major challenge in this chapter was to produce large
amount of homogeneous intact AaV particles. Therefore, future work on this chapter should start
with preparing AaV sample to a high and consistent concentration and homogeneity. This would
further allow more trails of cryo-EM data collection and result in more AaV micrographs for single
particle reconstructions. Techniques such as genome subtraction and magnification distortion
correction should be utilized in order to push the resolution limit. With enough particle number,
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five-fold only averaging refinement of the viral particle should be performed to confirm the
presence of a unique portal. These high-resolution structure information will further deepen our
knowledge in NCV capsid assembly.
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CHAPTER 3: Structural Determination of Cafeteria Roenbergensis Virus (CroV)
3.1 INTRODUCTION OF CAFETERIA ROENBERGENSIS VIRUS (CROV)
Cafeteria Roenbergensis Virus (CroV) was originally isolated from the Gulf of Mexico in
the early 1990s (Garza and Suttle 1995), and named after its host Cafeteria Roenbergensis, a
widespread and ecologically important phagotrophic nanoflagellate (Fischer, Allen et al. 2010).
By controlling the population of its host through viral infection, CroV play an essential role in
controlling the recycling of the nutrient and maintaining the high biodiversity in marine ecosystem
(Massana, del Campo et al. 2007, Zhang, Weinbauer et al. 2007). CroV carried a ~730 kb DNA
genome that is likely to be packed in an inner lipid membrane. The genome and putative lipid
membrane are then enclosed by an outer capsid that has a diameter of 300 nm. Unlike Mimivirus,
the capsid of CroV isn’t covered by a dense layer of the fiber. It is still not clear whether there is
short fiber-like protein attached on specific surface location of the CroV as seen in PBCV-1 and
PpV01 (Yan, Olson et al. 2000, Yan, Chipman et al. 2005). Low resolution cryo-EM
reconstruction shown that the capsid of the CroV is built from the commonly seen capsomers that
are trimeric forms of the DJR MCPs (Xiao, Fischer et al. 2017). The T number of the CroV is 499,
meaning that the capsid of the CroV is assembled from 14940 copies of the DJR MCPs. Beside
the T-number, the reconstruction also clearly demonstrated that the orientation distribution of the
capsomers is in an interesting spiral pattern, leading to the proposal of the spiral assembly
hypothesis as described in section 1.7.2 (Xiao, Fischer et al. 2017). Despite previous efforts in
determining the structure of the CroV, it’s still not clear whether CroV process a unique portal like
those seen in PBCV-1. High resolution structure is in urgent need for unraveling the mechanism
of its capsid assembly as well as its interaction with host cells.
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3.2 GOALS AND SPECIFIC AIMS
The goal is to characterize the 3D structure of CroV to high resolution, which will allow
detailed analysis on the capsid features leading to the deeper understanding on the mechanism of
capsid assembly.
Specific aim #1: To push the limitation on icosahedron-averaging cryo-EM reconstruction
and generate a near-atomic structure of the CroV capsid. Previously, the resolution of the CroV
reconstruction has reached 21Å, providing information of the capsid T-number, and capsomer
orientation distribution. These information inspired the proposal of the spiral pattern assembly
hypothesis (Xiao, Fischer et al. 2017). However, reconstruction at this resolution level failed to
identify if CroV process minor capsid protein and fiber proteins similar to those seen in other
NCVs (Yan, Yu et al. 2009, Fang, Zhu et al. 2019, Liu, Luo et al. 2019, Wang, Zhao et al. 2019).
Therefore, in order to fully understanding the mechanism of the assembly process, determine the
structure of the CroV to near-atomic level is the first critical step to understand the mechanism of
the CroV capsid assembly. Furthermore, high resolution structure will also provide details on the
mechanism of the CroV-host recognition and genome delivery.

To achieve this aim, protocol for purifying intact viral particle will be optimize to achieve
high homogeneity of CroV sample. Being a marine virus as AaV, as mentioned in section 2.2, the
salt concentration and bacteria contamination need to be reduced prior to the cryo-EM freezing.
TEM and cryo-EM analysis will be used to validate the concentration of the intact particles prior
to sample freezing for cryo-EM data collection. Icosahedron-averaging single particle
reconstruction will be performed to obtain high resolution structure of the capsid. Furthermore,
genome subtraction and localized reconstruction will use to push the current resolution limitation
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of giant virus reconstruction. The presence of the mCPs will be verified through search density in
addition to the MCP density. With the reconstructed map, the CroV MCP model will be fitted in
the EM map to generate a pseudo-atomic model of the viral capsid, which will allow further
investigation of its assembly mechanism through a series of biophysical and mathematical
techniques.
Specific aim #2: To perform five-fold only averaging cryo-EM reconstruction to search
for its putative unique portal. The unique portals have been observed in other NCVs like AMPV
and PBCV-1. They are shown to be essential in viral genome delivery. It is not yet clear if CroV
also process a similar portal. While icosahedron-averaging cryo-EM reconstruction may provide
higher resolution, this process will average out the density of the portal that does not follow the
icosahedral symmetry. Therefore, in order to verify whether CroV processes an unique portal, fivefold averaging reconstruction will be performed. Beside the unique portal, five-fold only averaged
reconstruction can potentially reveal the presence of fiber proteins. To compensate the loss of high
degree symmetry, more cryo-EM images of the intact viral particle is needed. Therefore, large
scale CroV culture will be prepared to increase the yield of the CroV particle. If our cryo-EM
reconstruction do show the presence of the unique portal and fiber proteins, these densities will be
analyzed and compared to those seen in PBCV-1 and CIV. Verification of the presence of the
unique portal and fiber protein, these results will help deepen our understanding of their functions
in viral infection.
Specific aim #3: To compare the structure similarity of CroV capsid to other known NCVs
to unravel the common mechanism of NCV capsid assembly. The structure studies of the NCVs
was greatly hindered by the sizes of these viral particles. It was not until 2019 when two nearatomic resolution become available and reveal some interesting factors in the capsid assemble.
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However, in order to fully understand the common mechanism of capsid assembly shared by these
evolutionary related viruses, more capsid structures are needed. With the obtained CroV structure,
more comprehensive structure comparison will be performed to decipher the common mechanism
of the their capsid assembly.

3.3 MATERIALS AND METHODS
3.3.1 C. roenbergensis Growth
Prior to the viral infection by CroV, cultures of C. roenbergensis are fed and counted on
daily basis. The C. roenbergensis were cultivated in F/2 media, an enriched seawater medium
designed for growing coastal marine algae. The F/2 medium was prepared by dissolving instant
ocean salt into distilled water to a final concentration of 25 ppm. The medium was then filtered
and autoclaved before use. The flagellate was adapted to a diet compost of E. coli, which was
cultured in 20ml high salt LB media made by dissolving 0.4 g of LB broth (Sigma-Aldrich, catalog
# L3022) in F/2 media. The high salt media was intend to ensure the survival of E. coli in the
culture. In addition, ampicillin was added to final concentration of 100ug/ml to keep the E. coli
aseptic from other strain of bacteria. The cultures were grown at room temperature for 24 hours
under gentle shaking with 200 rpm. 10 mL of the culture are centrifuged at 500 xg for 4 minutes
to pellet the E. coli which was then fed to C. roenbergensis. The E. coli pellets were prepared
freshly every day around the same time to keep the C. roenbergensis on a health and regulated
diet. The population of the C. roenbergensis was kept at around 1x105 cells/mL, which is counting
by light microscopy using a hemocytometer after stained by iodine solution.
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3.3.2 Virus Infection
After the C. roenbergensis was in the phase of exponentially growing which indicated by
their high population and the active movement. Usually, 250 ml of C. roenbergensis were infected
by adding 100 μL (~0.01 multiplicity of infection [MOI]) of CroV-containing crude lysate, which
was kindly provided by Dr. Matthias G. Fischer (Max Plank Institute). 1mL sample of the CroV
culture prior the addition of virus was taken as a negative control. After virus inoculation, 1 mL
sample of the culture is aliquoted at the same time and stored in -20 ℃. Meanwhile, the population
and the movement of the C. roenbergensis is estimated every day until the infection was completed
which indicated by the significant reduce of the C. roenbergensis population and movement and
usually occurred at the day 3 after virus inoculation. To estimate the concentration of the CroV,
the DNA from the aliquoted sample was extracted using the Purelink Viral RNA/DNA purification
mini kit (Thermo Fisher Scientific, Catalog # 12280050), and used for qPCR analyses for
estimating the concentration of the virus. In our qPCR analysis, primers designed for amplifying
the MCP gene were used (Table 3.3.1). For each sample, 20 µL qPCR reaction was prepared from
10 µL of PowerUp SYBR Green Master Mix (Thermo Fisher Scientific, catalog # A25741), 2 µL
of template DNA, 0.75 µL of forward primer (Final concentration, 0.07 µM), 0.75 µL of reverse
primer (Final concentration, 0.07 µM), and 6.5 µL of Nuclease free water. Thermocycling was
performed in the StepOnePlus Real-Time qPCR system set to the following settings in Table 3.3.1.
During the PCR amplification, the concentration of the DNA was real-time monitored the SYBR
Green dye which preferentially binds to double-stranded DNA and emits green light at 520 nm.
The resulted amplification curves were then used to analyze the concentration of viral DNA which
is proportional to the concentration of viral particles.
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To quantify the virus during an infection a standard curve was constructed. The initial CroV
sample with a concentration of 1x1010 virions/mL was subjected to DNA extraction using the same
protocol. The concentration of the extracted DNA were measured to be ~35 ng/µl. A series of 15
qPCR reactions were prepared with the purified DNA following the same protocol, except that the
concentration of the DNA was gradually decreased from 35 ng/µl to 0.002 ng/µl by a two-fold
standard series dilution. The final standard curve was averaged from three individual duplicates.
Table 3.3.1 qPCR primers and cycle settings for viral DNA concentration estimation.
Primers:

qPCR cycles:

qPCR-Forward

5' -CTAAATTGGCCAGGTCTGGGTCTT-3'

qPCR-Reverse

5'-CGTGGTAGAGTGGGTGAGAATGAA-3'

1x

10 min @ 95C

40x

10 sec @ 95C
25 sec @ 60C
25 sec @ 72C

1x

5 min @ 72C

3.3.3 Virus Purification
Using tangential flow filtration, viruses from 10 L of infection culture were first
concentrated to ~50 mL by tangential flow filtration using a Vivaflow 200 (Fisher Scientific,
catalog #14558340). To purify the CroV particles from bacterial cells and other contamination, the
concentrated the culture were loaded on top of a 12 ml 20/25/30/35%(w/v) OptiprepTM gradient.
The gradient was prepared with the 60% (w/v) OptiPrep™ Density Gradient Medium (SigmaAldrich, catalog # D1556) using a similar method described previously. Prior sample loading, the
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gradients were incubated at 4°C overnight to allow the maximum linearization of the density
gradient. For each gradient, 1ml sample was gently loaded to the top of the gradient with minimum
disturbing of the gradient. The gradients were then centrifuged for 3 h at 100,000 xg using the
Beckman SW32.1 Ti rotor (Beckman, catalog # 369650). Initially, all the visible bands separated
by the density gradient were collected separately by puncturing the side of the tube with a 23 G
needles. To remove the Optiprep media, the samples were then slowly diluted four folds with the
same high salt buffer and pelleted by centrifugation at 15,000 xg for 30 mins. The dilution and
centrifugation were repeated once with the collected pellet to ensure most of the Optiprep media
has been removed. Finally, the pellet was washed with low salt buffer (50mM Tris, pH8.0, 200mM
NaCl, 0.02% NaN3, 5mM MgSO4) and pelleted by centrifugation at 8,000 xg for 5mins. The
samples were then subjected to either TEM or cryo-EM analyses.

3.3.4 Transmission Electron Microscope Analyses
For each collected the samples from Optiprep gradient purification, 3.5 µL of sample
solution was used for TEM analysis using a similar protocol described for AaV in the section 2.3.3.

3.3.5 Cryogenic Electron Microscope (Cryo-EM) Data Collection
For cryo-EM data collection, the CroV specimens were prepared by adding 1.5 µl of the
final purified and concentrated sample on a Quantifoil R 3.5/1 grids (Quantifoil Micro Tools
GmbH,Germany), which is then mixed with additional 1.5ul buffer (50mM Tris-base, pH8.0, 5mM
MgCl2) to further diluted the concentration of the salt to a final concentration of 150mM. The
mixed sample on the grid was then blotted manually, and vitrified using a guillotine style plunging
device into liquid ethane at liquid nitrogen temperature. Cryo-EM data were collected using a
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similar protocol for AaV cryo-EM data collection described in section 2.3.4. The collected movies
from UCLA and Stanford SLAC were listed in Table 3.3.2.

Table 3.3.2 CroV cryo-EM dataset collected at the cryo-EM consortia.
Location

Date

Micrograph Pixel size

Particle

Resolution

#

(Å/pixel)

#

/Å

SLAC

03/15/2018-03/18/2018

169

0.67

/

/

SLAC

12/11/2018-12/12/2018

423

0.71417

/

/

SLAC

06/26/2019-06/29/2019* 502

0.7142

430

14.4

SLAC

06/26/2019-06/29/2019* 2748

0.67

2572

11.5

UCLA

01/12/2018-01/13/2018

356

0.568

/

/

UCLA

10/22/18

1250

0.535

/

/

UCLA

01/03/2019-01/09/2019* 4778

0.68

3633

a

UCLA

01/07/2020-01/14/2020* 5813

0.68

4695

* Datasets selected for single particle reconstruction
a These two datasets were merged together for reconstruction as their pixel size are identical.
3.3.6 Homology Modeling of CroV MCP
Amino acid sequence of putative CroV MCP (gene: crov342) was aligned with the MCP
from AaV and PBCV-1 by CLUSTAL Omega (Sievers, Wilm et al. 2011). The homology
modeling analysis with the putative CroV MCP was performed using a similar protocol to that of
AaV MCP in section 2.3.1.
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3.3.7 Cryo-EM reconstruction of CroV
Among the datasets collected, four sets of micrograph contains intact viral particles on a
relatively clean background, and were therefore subjected for single particle reconstruction. The
movies from these datasets were first motion corrected and dose weighted using MotionCor2
(Zheng et al., 2017) to generate final twofold binned micrographs with the final pixel sizes of 1.36
and 1.34, respectively. CroV particles were manually boxed from the micrographs using
relion_manualpick and processed for single particle reconstruction via the program Relion3
(Zivanov, Nakane et al. 2018). The initial 3D model of the CroV particle were generated via
rescaling the previously reconstructed map (EMDB access code: EMD-8748) using
relion_image_handler (Zivanov, Nakane et al. 2018). To improve the resolution of viral capsid, a
soft mask was applied in the 3D refinement to remove the inner membrane and the viral genome
sack. In the last cycle of refinement, the genome sack and the viral membrane of the viral particles
were removed from the experimental images using the relion_particle_subtract program. The
resolution of the reconstruction of chosen dataset were listed determined by the gold standard
Fourier Shell Correlation with a threshold of 0.143. Visualization of the density map was done by
Chimera (Pettersen, Goddard et al. 2004).

3.3.8. Localized Reconstruction of the CroV Capsid Protein
To improve the resolution of the reconstruction of the viral capsid, similar localize
reconstruction to that for AaV reconstruction was utilized to reconstruct the EM maps that focus
on the pentasymmetron with a radius of 300Å. The obtained EM map pentasymmetron were
visualized by Chimera (Pettersen, Goddard et al. 2004). To investigate whether the CroV particle
process a similar mCP network, the MCP density was first simulated from the fitted CroV MCP
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model and subtracted from the localized reconstructed pentasymmetron. To estimate the accuracy
of the obtained maps, an SJR domain (PBD ID: 6G42) was fitted into to the segment map of the
CroV penton using the Fit in segment function in Chimera.

3.4 RESULTS AND DISCUSSION
3.4.1 CroV Infection
For a typical CroV infection on a exponentially growing Cro culture, the population of
CroV reduced dramatically on day one after virus inoculation, and dropped to an undetectable
level after day three (Figure 3.4.1A). Meanwhile, the population of CroV steadily increased during
the infection as indicated by qPCR analysis (Figure 3.4.1B). To estimate the concentration of the
viral particles yield from each infection, a standard curve that plotted the threshold thermocycle
against the virion counts was generated (Figure 3.4.1C). According to the obtained standard curve,
the concentration of CroV at the end of the infection was approximately 1x108 virions/ml.
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Figure 3.4.1 The population dynamic between Cro and CroV during an viral infection. (A) The
cell counts of Cro during a infection induced by CroV. Sample “Day 0” represent the Cro culture
prior the introduction of CroV. Day 1, day 2, and day3 samples are Cro culture that were collected
after the induction of CroV. Cell counts were repeated in three individual CroV infection trials.
(B) The amplification curve of the CroV DNA extracted from Day 0 (before infection), day 1,
day2, and day3. (C) The amplification curves of the CroV DNA at various amount of virion counts.
The chosen threshold 0.1 was indicated by a black line; (D) the standard curve of the threshold
cycle from panel (C) plotted against the virion count of CroV. The fitted equation and R square
values was labeled at the bottom of the curve. The curve was averaged from three individual
duplicates.

3.4.2 CroV Purification
After being concentrated by TFF, the CroV was purified using Optiprep density gradients.
To identify the CroV bands separated by the density gradients, all the visible bands were collected
and subjected to TEM analysis (Figure 3.4.2). Ultracentrifugation of the sample-loaded optiprep
density gradient shew four visible white bands (Figure 3.4.2A). Further TEM analysis shown that
the top two bands shown on approximately 20% and 23% belonged to bacteria (Figure 3.4.2B-C),
while the bottom two bands at approximately 27% and 28% contained mostly CroV particles with
a small portion of small bacteria (Figure 3.4.2D-E). It is not clear why the CroV particles are
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divided in two density group as the CroV particles are indistinguishable in our current TEM
analyses.

Figure 3.4.2 Transmission electron microscopy analysis of the optiprep gradient purified samples.
(A) The optiprep gradient after 3hrs centrifugations showing four visible bands. The percentage of
the optiprep were indicated on the left while the four bands are labelled on the right. Panel (B),
(C), (D), and (E) are representative TEM images of samples corresponding to the band #1, #2, #3,
and #4 in panel (A); Several of the representative CroV particles in panel (D) and (E) were
indicated by red arrows. Scale bars, 1µm.

3.4.3 Homology Modeling of CroV
Sequence alignment done Clustal Omega 2.1 shown that the CroV MCP share 46.34%
identity to that of the PBCV-1 MCP (Figure 2.4.1A). Similar to those seen in PBCV-1 and AaV
MCPs, the modeled structure of CroV MCP also process a common DJR folds and a flexible Nterminal that flanks to the neighboring MCPs (Figure 2.4.1B-C and Table 3.4.1). Similar to that of
AaV MCP, both sequence alignment and homology modeling suggested that the main difference
between these two proteins are in the surface loops (Figure 2.4.1B-C). The sequence alignment
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showed that the CroV MCP process an additionally long DE loop (Green boxes in Figure 2.4.1A),
this is consistent with the MCP homology model where longer loop was seen on top of the DJR
domain (Figure 2.4.1B-C). The long DE loop may contribute to a different appearance of the
capsomers in cryo-EM reconstruction with more densities on their surface.
Table 3.4.1 The RMSD of the CroV homology models when compared to the PBCV-1 MCP.
Model RMSD(pruned atom pairs) /Å

RMSD(all atom pairs)/ Å

C-score*

#1

0.472

5.440

-1.34

#2

0.529

5.140

-1.48

#3

0.987

5.658

-1.79

#4

0.536

5.681

-2.04

#5

0.486

6.450

-1.41

* C-score is a confidence score for estimating the quality of predicted models by I-TASSER, and
is in the range of [-5,2] where a C-score of higher value signifies a model with a high confidence.
3.4.4 Structural Characterization of CroV Capsid
Initial cryo-EM imaging shown that the CroV particle has a diameter of 3000Å and is likely
to process the common three layer architecture similar to that of PBCV-1 (Figure 1.5.1A): capsid,
inner membrane and genome core. No dense layer of the fiber decoration was seen in the surface
of the CroV particles (Figure 3.4.3A). Similar to that seen in AaV, a pocket was observed under
certain vertex in CroV (Figure 3.4.3A) and may play role in the infection as discussed in section
2.4.4.
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Figure 3.4.3 The cryo-EM characterization of CroV. (A) A representative micrograph of a intact
CroV particle. A unique vertex under of which a membrane separated pocket was indicated by the
red arrows. (B) The central section of the reconstructed cryo-EM of CroV. The three layers, capsid,
membrane and genome core were colored in yellow, green and grey, respectively. (C) The
isosurface of the CroV capsid reconstructed by cryo-EM. Capsomers are colored based on their
orientation in red, blue, green, cyan, and orange. The pentameric capsomers are colored in purple.
The capsomer centers for calculating T number along h and k axes are labeled by cyan dots. Two
icosahedral fivefold axes are labeled in red symbols. The scale bars in panels (A,C) represent 1000
Å. Subpanel (a) the enlarged pentasymmetron regions highlighted by the white dashed box in panel
(C); Subpanel (b) the enlarged two-fold center region highlighted by the yellow dashed box in
panel (C). In both subpanel (a) and (b), besides of being colored differently, the orientations of
several chosen capsomers were highlighted by yellow and cyan triangles.
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With a diameter of 3000Å, the capsid of CroV has a T number of 499 (h=7, k=18) (Figure
3.4.3C). The capsomer organization the CroV particle is consistent with that seen in both PBCV1 and AaV in a spiral patten initiating from the five-fold vertex (Figure 3.4.3Ca). The capsomers
in one trisymmetron is 60° rotated to those in the neighboring trisymmetrons (Figure 3.4.3Cb).
The capsomers are in pseudo-hexagonal shape that nicely accommodate the CroV MCP trimer
model obtained by homology modeling (Figure 3.4.4). It is noted worthy that compared to those
in AaV and PBCV-1 capsid, the capsomer in CroV capsid appeared to has larger densities on top
of the double jelly roll domain (highlighted in orange box in Figure 3.4.4B). These large densities
is likely due to the long surface loops suggested in our sequence and homology modeling analysis.
Although these densities for the long surface loop is consistently seen throughout the viral capsid,
the presence of the fiber proteins can’t be confirmed at the current resolution. Therefore, these
long surface loops contribute to a unique exterior morphology of the viral capsid, and may play
role in facilitating the host recognition and attachment.
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Figure 3.4.4 Fitting the structure model of CroV MCP trimer in the reconstructed CroV capsid.
(A) The top view of the arrays of CroV MCP trimeric models fitted in the reconstructed CroV
capsid. The fitting of the MCP was done by Chimera fit in map function. The fitted structure is
shown in ribbon diagram and colored in magenta while the surface of the CroV capsid is shown in
cyan with 50% transparency. (B) The side view of the fitted structure in the CroV capsid. The
large densities belonging to the surface loop located on the top of the DJR domains are highlighted
by an orange curved box.

To investigate whether the mCPs play a similar role in the capsid assembly as seen in
PBCV-1 and ASFV, the MCP density was first simulated from the capsomer structures fitted in
the EM map. These MCP density were then subtracted from the EM map. This operation resulted
in a density of mCPs that shown a similar hexagonal network (Figure 3.4.5A-D), suggesting that
the capsid assembly of CroV capsid is like through a mechanism that involved both MCP and
mCPs. Highest resolution reconstruction of the EM map is still need to in order to identify these
mCPs.
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Figure 3.4.5 Localized reconstruction of the pentasymmetron of CroV. (A) The isosurface of the
pentasymmetron of CroV. The density belonging to the MCP was colored in blue, while those
belong to mCPs including the penton protein was colored in grey. (B) The rotate view of the
reconstructed map in panel (A). The map was sectioned for better visualization of the mCP
densities. (C) The hexagonal network built by the mCPs from CroV. This map was obtained by
subtracting the MCP density from the reconstructed pentasymmetron map. (D) The rotate view of
the mCP network showed in panel (C); (E) The enlarged region highlighted by a red dash box in
panel (C). (F) The enlarged region highlighted by the red dashed box in panel (D). In both panel
(C) and (D), the density of each penton protein in the pentameric capsomers were colored in
orange, gold, light green, blue and pink. The atomic structure of a SJR (PDB ID: 6G42) was fitted
into the individual penton protein density which were obtained by segmenting the density of the
pentameric capsomer. The surface of the pentameric capsomers density were shown with 50%
transparency for a better visualization of the fitted structure. The lantern-like density located
directly below the pentameric capsomer is colored in dark grey, and the density located further
down at the five-fold vertex is colored in blue.

Although the density of the pentameric capsomers was resolved to a relatively low
resolution, a SJR domain can be well fitted in the reconstructed map (Figure 3.4.5E-F), suggesting
that the CroV particle also process a pentameric capsomers are likely formed by five SJR
containing proteins. In the five-fold center, a globular density located directly underneath the
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pentameric capsomer was observed. This density resembles the lantern-like density that was
previously described in the ASFV vertex and may play roles in anchoring the pentameric protein
on the viral membrane. In addition to this lantern-like density, another set of globular densities
was seen at the nearby location of the five-fold center. These densities are similar to that of mCP14
in PBCV-1. These two sets of globular densities connect the first layer of hexagonal capsomers to
the pentameric capsomers. Therefore, the mCPs that contribute to these densities are likely to play
roles in stabilizing the assembly of the pentameric capsomers as well as the first layer of the
hexagonal capsomers around the five-fold vertices.

3.5 CONCLUSION
The large physical size of the CroV have posted significant challenges in its structure
studies. Our research effort from this chapter resulted in the optimal purification methods to obtain
high concentration of intact CroV particles for cryo-EM studies. Using several newly development
approaches, the resolution of the CroV reconstructed maps has been significantly increase to 11Å,
which allow the clear appreciation of not only the capsomer arrangement but also the presence of
hexagonal mCP networks. The capsomers of CroV are also in hexagonal shapes that is likely to
formed by the trimerization of the commonly seen DJR MCPs. What is unique of the CroV MCPs
is that they process an additionally long surface loops, resulting a unique viral surface morphology.
These long surface loop may play roles in host recognition. In addition to the hexagonal capsomers,
the pentameric capsomers located in five-fold vertices were also resolved and is likely formed by
five SJR proteins. It is not clear if its SJR protein also has a large insertion domain similar to that
in AaV and Mavirus. Furthermore, under the MCP layer, and layer of mCPs proteins were
observed. These mCPs forms a hexagonal networks similar to those seen in PBCV-1 and ASFV.
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Two sets of globular densities located directly under the pentameric capsomers was clearly
visualized, one of which resembles the lantern-like density described in ASFV and the other
resembles the mCP14 density in PBCV-1. These results suggest these mCPs play essential roles
in initializing and stabilizing the assembly process of the viral capsid. These results, together with
those from AaV studies, suggest a common viral capsid assembly mechanism in these evolutionary
related NCVs, and set the stage for future high-resolution studies on the roles of MCPs and mCPs
in their capsid assembly.

3.6 FUTURE DIRECTION
To obtain the near-atomic resolution structure of CroV, more micrographs are needed for
cryo-EM reconstructions. Once a sufficient amount of the particle images are obtained, five-fold
only averaging refinement should be performed to search for the possible unique portal. If exited,
this portal should also be structurally characterized. Due to the high computational demand of
reconstructing CroV, data processing with different reconstruction packages should be performed
to search for a more timely and computationally efficient methods. In addition, sub-volume
reconstruction should also performed to overcome the size limitation. Obtaining the near-atomic
resolution structure information in this work will not only pave the way for establishing methods
to handle even larger NCVs, but also further shed lights on the capsid assembly of CroV as well
as other NCVs.
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CHAPTER 4: Characterization of the assembly mechanism of giant virus capsid protein
4.1 INTRODUCTION OF COMPUTATIONAL STUDIES IN VIRAL CAPSID PROTEINS
3Computational

simulations are widely used in viral capsid assembly research. Some of the

simulations helped to resolve the capsid structures (Zhao, Perilla et al. 2013), others were aiming
at revealing the mechanisms of the viral capsid assembly (Arkhipov, Freddolino et al. 2006, Roos,
Gibbons et al. 2010, Hagan and Zandi 2016). Even though the large size and the complexity of the
viral capsids make it extremely challenging, many computational works have been done to
understand the mechanisms of virus capsid assembly (Hagan 2014, Koehl 2018). A significant
portion of these simulation works were based on coarse-grained models, which selectively
captured the main information of residues instead of focusing on some atomic details in
simulations. Very few atomic level simulations were performed on a whole capsid (Freddolino,
Arkhipov et al. 2006). Most of them focused on particular regions on the capsid assembly, such as
the scaffold protein mediated capsomer-capsomer interactions (Jiang, Yang et al. 2015). These
works demonstrated that computational simulation can be a powerful tool in understanding the
molecular interaction as well as dynamic of the supramolecules

4.2 GOALS AND SPECIFIC AIMS
In this research, we aim to investigate the possible interactions between capsomers using a
multi-scaled computational approach. The structure of PBCV-1 MCP structure (De Castro, Klose
et al. 2018) and its high resolution density map of the intact virus (Zhang, Xiang et al. 2011) were
used in our computational analyses.

3 Some parts in this chapter, identified by vertical lines in the right margin, are taken verbatim from published
papers by the same author of this dissertation (Xian, Karki et al. 2019, Xian, Avila et al. 2020, Xian and Xiao 2020,
Xian and Xiao 2020)
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Specific Aim #1: To study the binding mechanisms of capsomers using molecular dynamic
simulation methodology. Three capsomers around the icosahedral 2-fold area of PBCV-1 capsid
have been chosen for our analysis. Among these three capsomer, two share the same orientation
in the same trisymmetron while the third one in a different orientation from a neighboring
trisymmetron. The interaction between each two capsomers among three chosen ones resulted in
three different types of binding modes and have been studied through molecular dynamics
simulation. The free binding energies for each binding modes have been calculated using the
standardized MM/PBSA (molecular mechanics with Poisson-Boltzmann and surface area
solvation) method. The strength of these binding modes have been analyzed in different energy
terms to search for the main source of binding energy, which will be point out the directions for
further analyses. Knowledge learn from studying these three binding mode will be applied to the
whole viral capsid based on their orientations, which will then result in formulas for calculating
the total numbers of different binding modes within a single capsid with a known T-number.
Specific Aim #2: To investigate the role of electrostatic interactions in capsomer assembly.
It was speculated that the electrostatic interaction is critical to guide the assembly of the capsomers.
Therefore, the electrostatic interaction between each chosen capsomer pair were first calculated
by Delphi (Li, Li et al. 2012). In order to fully understand the role of electrostatic interaction in
the capsid assembly, each capsomer pair from the three chosen pairs has been manipulated in four
different operations that mimic the assembly process. The electrostatic interaction was then be
calculated using DelphiForce (Li, Chakravorty et al. 2017) locally. By systematic analysis of the
electrostatic interactions when different orientation and distance of the capsomers are involved, an
electrostatic favored binding funnel will be established and hance demonstrate the crucial role of
electrostatic interaction in capsomer assembly.
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Specific Aim #3: To exploit the interactions among the mCP, and MCP for generating the
refined assembly hypothesis. As the near-atomic structure of PBCV-1 revealed an intensive
network formed by mCPs located between the MCP layer and inner lipid membrane, this work
aims to thoroughly investigate the interaction between mCP with MCP. As many EM studies
suggested, the assembly of the viral capsid initiates from one five-fold vertex. Therefore, this study
will focus on the MCPs and mCPs located in the pentasymmetron region.
Results from this chapter will shed the first light in the molecular interaction among the
MCPs from giant NCVs and draw attention to the role of electrostatic interactions in driving the
assembly as well as stabilizing the final capsid after the assembly process of PBCV-1. This work
will also highlight the role of mCPs, especially the tape measure proteins (TmPs) in the assembling
the capsomer onto the viral membrane following a spiral pattern. Furthermore, this work will
establish a multi-scale approach for investigating the protein-protein interactions that can be
widely utilized in studying other self-assembly supramolecular complexes within cells.

4.3 MATERIALS AND METHODS
4.3.1 Capsid Structure Preparation
The capsomer structure was downloaded from the Protein data Bank (PDB ID 5TIP) (De
Castro, Klose et al. 2018). The highest resolution cryo-EM density map of PBCV-1 was
downloaded from EM Data Bank (Accession code 5378) (Zhang, Xiang et al. 2011). The pseudoatomic structure of PBCV-1 capsid was generated by fitting the capsomer structure into the cryoEM map using the fit in map function in Chimera (Goddard, Huang et al. 2007). To study the
electrostatic interactions, three capsomers around the icosahedral 2-fold area were selected (Figure
4.3.1A), which represented all the possible intra- and inter-trisymmetron interactions. Capsomer
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A and capsomer B were from the same trisymmetron with the same orientation. Capsomer C was
from the neighboring trisymmetron and was 2-fold symmetric with capsomer A. However, because
of the C3 symmetry of the capsomer, capsomer C’s orientation could be described equivalently as
60◦, 120◦, or 180◦ rotated to capsomer A. Because of the special orientation of capsomer C, it
could be predicted that there were three types of interactions within the selected three capsomers:
binding mode 1 between capsomers A and B, binding mode 2 between capsomers B and C, and
binding mode 3 between capsomers A and C (Figure 4.3.1B).

Figure 4.3.1 The capsomers located the two-fold center chosen for analysis. (A) Isosurface
rendering of PBCV-1 cryo-EM map (EMDB access code: EMD-5378). Capsomers are colored
based on their orientation in red, blue, green, cyan, and orange; The boundaries of one
trisymmetron and one pentasymmetron are outlined in white. One asymmetric unit within one
pentasymmetron is outlined in dashed white lines. The yellow dots present the steps for calculating
the Triangulation number with the h and k number labeled in yellow. One set of icosahedral
symmetry symbols are labeled in red. (B) The magnified icosahedral two-fold surface areas
(outlined in yellow dashed line in (A) and three selected capsomers (A, B, C). To show their
orientations, these three capsomers are labeled by yellow triangles where the vertices of the
triangle point to the three higher jelly-roll surface loops; Images adopted from reference (Xian,
Karki et al. 2019) with permission.
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4.3.2 Capsid Structure Manipulation Tools
A package of structure manipulation tools has been developed and used to manipulate the
capsomer pairs and mimic the assembly process. Within each pair of capsomers, one capsomer
was fixed while the other one was manipulated. For the purpose of this study, which focused on
capsomers with relatively flat surfaces around the icosahedral 2-fold area, four different types of
geometric operations of each capsomer pair were carried out in a plane that was parallel to the
surrounding flat capsid surface (Figure 4.3.2): (a) shifting away, where the manipulated capsomer
was shifted away from a fixed one in the direction along the vector of the center of mass of the
two capsomers (Figure 4.3.2A) from 5 to 40 Å in 1 Å intervals; (b) shifting perpendicular, where
the manipulated capsomer was shifted along a vector that was perpendicular to the vector
connecting the two mass centers from −60 to 60 Å, in 5 Å intervals, after shifting 20 Å (the
approximate depths of the capsomer grooves) away from the fixed capsomer (Figure 4.3.2B); (c)
spinning, where the manipulated capsomer was spun from −30° to 30° in 2° intervals with the
respect to its own mass center, after being shifted 20 Å away to avoid atom clashes from fixed
capsomers (Figure 4.3.2C); and (d) rotating around, where the manipulated capsomer was shifted
20 Å away and then rotated around the fixed capsomer in the xy-plane (Figure 4.3.2D) from −30°
to 30° in 2° intervals. For operations of binding modes 2 and 3, capsomer C was manipulated while
capsomers A or B were fixed, because capsomers A and B were within the same trisymmetron.
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Figure 4.3.2 Operations of capsomers simulating assembly. In each of the four operations, the
capsomer on the left (shown in electrostatic colored surface) is fixed, whereas the capsomer on the
right (in grey) is manipulated by (A) shifting away 5Å to 40 Å, (B) shifting perpendicular 5 Å to
60 Å up and down, (C) spinning -60° to 60°, and (D) rotating around -30° to 30°. The binding
forces were presented by yellow arrows. The tail of each arrow is located at the mass center of the
manipulated capsomer when it was displaced in the corresponding locations. In order to
differentiate the binding force from different spinning degree in (C), the force arrows were
translated by 40 Å onto a circle where the spinning degrees were represented by the angle theta
(θ).

4.3.3 DelPhi Calculation of Electrostatic Potential
The electrostatic potential maps (phimap) of capsomers were generated by Delphi (Li, Li
et al. 2012). Electrostatic potentials were calculated using DelPhi (The PQR file of each capsomer
was generated by PDB2PQR (Dolinsky, Nielsen et al. 2004). The protonation states of titratable
functional groups were assumed to be standard, corresponding to pH = 7.0. To obtain the
electrostatic potential and electric field at each desired position, the electrostatic potential map
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(phimap) of a single capsomer was generated by Delphi (Li, Li et al. 2012). During DelPhi
calculations, the resolution was set as 2 grids/Å. The dielectric constants were set as 2.0 for protein
and 80 for water environment, respectively. The protein filling percentage of Delphi calculation
box (perfil) was set to be 70. The probe radius for generating molecular surface was 1.4 Å. Salt
concentration was set as 0.15 M. The boundary condition for the Poisson Boltzmann equation was
set as dipolar boundary condition. The calculated electrostatic potential on surface was visualized
with Chimera (Goddard, Huang et al. 2007). VMD (Humphrey, Dalke et al. 1996) was used to
illustrate electric field lines between capsomers. Color scale range was set to be from -0.5 to 0.5
kT/Å. In order to visualize the field lines clearly, the distance between selected capsomers was
increased by 20 Å for electrostatic potential calculation and field line demonstration.

4.3.4 Electrostatic Binding Forces between Capsomers
To investigate the roles of electrostatic interactions in guiding the assembly of the viral
capsid, electrostatic binding forces in all three binding modes were calculated using DelphiForce
(Li, Chakravorty et al. 2017). As mentioned above, the structures in each binding mode were
obtained by displacing the manipulated capsomer in various distances and orientations from the
fixed capsomer utilizing the four operations (Figure 4.3.2). For example, for binding mode 1, by
shifting the capsomer away from fixed capsomer from 5 Å to 40 Å in 1 Å intervals, 36 structures
were obtained. The electrostatic force on the moving capsomer exerted from the fixed capsomer
in each structure was calculated by DelPhiForce and compared so that the effects of capsomer
distance could be analyzed. Similarly, using the other operations, the effects of both translation
and rotation were investigated. In DelPhiForce calculations, parameters and the boundary
condition were set the same as DelPhi calculation in section 4.3.3. Parallel operations and
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calculations were carried out with all three binding modes. The electrostatic binding forces
calculated by DelphiForce were visualized with VMD and represented by arrows (Figure 4.3.2 and
Figure 4.4.4).

4.3.5 Molecular Dynamic (MD) Simulation of Capsomer Pairs
To predict the dynamic interactions between capsomers in all the three binding modes, MD
simulations using implicit generalized Born (GB) model were carried out using the CHARMM
force field (Vanommeslaeghe, Hatcher et al. 2010). During each simulation, we set all interfacial
residues to be flexible and other residues constrained using a harmonic constraint energy function
with a scaling factor of 1 (Figure 4.3.3). An interfacial residue is defined as a residue which has at
least one contact with any atoms on the other capsomer. Such constraint saves CPU time
significantly. Then we performed a 20ns MD simulation for each binding mode (2.0 fs per step,
10 million steps total). In all the simulations, the temperature of the system was set as 300 Kelvin
and the pressure was set as standard using the Langevin dynamics. For each simulation, frames
were saved every 2500 step, therefore, a total of 4,000 frames were saved in each simulation
trajectory. To analyze the roles of electrostatic interactions, the salt bridges formed within 4.0 Å
distance by the interfacial residues from each binding mode were extracted from the 4,000 frames
of simulation. The strongest salt bridges in each binding mode were determined by calculating
their formation frequency during MD simulation.
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Figure 4.3.3 Constrained NAMD simulation. The interface residues (colored in yellow) are set free
and other residues (pink) are constrained.
4.3.6 Binding Energy Calculations Using MM/PBSA
For the energy calculation of each binding mode, the well-developed MM/PBSA method was
utilized to calculate the average binding energy form 2,000 frames, which were extracted from the
last 10ns trajectory of each MD simulation. In this method, ΔGbind is calculated as:
G/*)0 = G12.3(,- − G1'34 − G1'3!

(4.1)

Where GComplex is the total energy of complex of a capsomer pair; Gcap1 and Gcap2 are the total
energies of the two individual capsomers. The total energy is calculated as:
G$2$'( = G12&( + G32('% + G506 + G78798:;<

(4.2)

Where Gcoul is the Coulombic energy, Gpolar is the polar part of the electrostatic energy, Gvdw is the
Van der Waals energy, and Gnonpolar is the nonpolar part of the solvation energy. The Coulombic
and polar electrostatic energies were calculated by DelPhi. The Van der Waals binding energy was
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calculated via NAMD. The nonpolar term of solvation energy was calculated via the solvent
accessible surface area method:
G78798:;< = γ SA + b

(4.3)

Where γ = 0.0054kcal×mol-1×A-2, b = 0.92kcal×mol-1×A-2, and SA denotes the solvent accessible
surface

area,

which

is

calculated

using

Naccess

2.1.1

program

(http://www.bioinf.manchester.ac.uk/naccess/)

4.3.7 BLASTp Search of the Tape Measure Protein
Two BLAST searches using the amino acid sequences of the two known TmPs from
PBCV-1 and ASFV were performed against the all available virus genomes with an E-Threshold
of 0.01. The taxonomic tree of these BLAST hits of the two known TmPs was built based on their
taxonomy ID provided by the International Committee on Taxonomy of Viruses using phyloT tool
version 2019.1 (Letunic 2019). The tree was rendered using iTOL (Letunic and Bork 2007). The
near atomic structure of the PBCV-1 Tape masure protein was downloaded from PDB (PDB ID
6NCL) and analyzed using Chimera and VMD.

4.4 RESULT AND DISCUSSION
4.4.1 Electrostatic potential for the capsomers
4.4.1.1 Single capsomer
The charge distribution on a single capsomer showed an interesting pattern. Calculations
from Delphi demonstrated that the net charge of the capsomer is -3. The charge distribution was
visualized in Chimera (Figure 4.4.1). While the negative and positive charged residues are evenly
distributed on the top surface of the capsomer (Figure 4.4.1A), positive charged residues are very
82

dominated at the bottom surface (Figure 4.4.1B). This is consistent with previous analysis that
suggested the positive charge may play role in the interaction of capsomers with the inner lipid
membrane that are highly negatively charged (Nandhagopal, Simpson et al. 2002, Bahar, Graham
et al. 2011). Note that on the side surface of the capsomer, positively charged residues are mostly
located at the interface between the neighboring MCP monomers, (denoted as Side 1, Figure
4.4.1C), while negatively charged residues are predominant in) between the two jelly-rolls within
each MCP monomer (denoted as Side 2, Figure 4.4.1D); and the rest of positively charged residues
are located on the outside edge of each jelly-roll. The overall charge distribution is shown in a
schematic diagram (Figure 4.4.1E), which highlighted that negatively charged residues are
dominant in every other groove of the pseudo-hexagon, whereas positively charged residues are
most dominant on the vertices. This unique feature of charge distribution of PBCV-1 capsomer
indicates that charge interactions on its side may provide strong and elegant forces to cause the
biological assembly of PBCV-1 capsomers.
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Figure 4.4.1 Electrostatic potentials of the PBCV-1 capsomers and their interactions. (A), (B), (C),
and (D) are the top, bottom, side 1 and side 2 view of the PBCV-1 capsomer electrostatic surfaces;
The electrostatic surfaces are rendered by Chimera with color scale from -0.50 to -0.50. Negatively
and positively charged areas are colored in red and blue respectively. (E) A schematic diagram of
showing the three selected capsomers in Figure 4.3.1B for highlighting their orientations, charge
distributions and binding modes. The outlines of the capsomer are colored as the same color in in
pink, blue and green with J1 and J2 labeled. Three binding modes are labeled by 1, 2 and 3 close
to the corresponding interfaces. The side view 1 and side view 2 are labeled corresponding to panel
(C) and (D), respectively; (F) The electrostatic potential field lines between three selected PBCV1 capsomers rendered by VMD. Negatively and positively charged capsomer surface areas are
colored using the same scheme in panel (A-D). This image is adopted from reference (Xian, Karki
et al. 2019) with permission.

4.4.1.2 Electrostatic Interaction Between Capsomers
Within the three capsomers, attractive electrostatic interaction was observed in binding
mode 1 between capsomers A and B as well as in binding mode 2 between capsomers B and C. In
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binding mode 3, capsomer A and C were shown to have repulsive electrostatic interaction as
expected since their interfaces are dominated with positively charged residues (Figure 4.4.1E).
Furthermore, the electrostatic interaction in binding mode 2 between capsomers B and C was
shown to be stronger with more field lines at the interface than binding mode 1 between capsomers
A and B (Figure 4.4.1F). Almost no field lines are found at the interface of mode 3, which is
consistent to the repulsive interaction (Figure 4.4.1F). Therefore, we referred these three binding
modes as intermediate electrostatic attractive binding (mode 1), strong electrostatic attractive
binding (mode 2), and electrostatic repulsive binding mode (mode 3).

4.4.1.3 Electrostatic interaction Key Residues Between PBCV-1 Capsomers
By analyzing the bond length of salt bridges appeared during MD simulation, we found
that there are 4, 2 and 2 salt bridges at the interfaces of binding modes 1, 2 and 3, respectively
(Figure 4.4.2 and Table 4.4.1). Salt bridge frequency analyses showed stable salt bridges are
formed between residue Asp324.B and Lys107.A / Arg104.A in binding mode 1(Figure 4.4.2A);
between Glu97.B and Arg104.C (Figure 4.4.2C) in binding mode 2, and between Asp375.C and
Arg62.A in binding mode 3 (Figure 4.4.2E). These residues play significant roles in stabilizing the
capsomer-capsomer structures in different binding modes. Moreover, for each binding mode the
total salt bridge number within each frame was also analyzed in order to determine the salt bridge
population (Figure 4.4.2B,D,F). During MD simulation, binding mode 3 has the lowest average
amount of salt bridges (Table 4.4.1). This result is consistent with the electrostatic potential
calculations. However, binding mode 1 seems like maintaining a higher salt bridge population than
binding mode 2, even though the electric field lines show that binding mode 2 has stronger binding
interaction (Table 4.4.1 and Figure 4.4.2F). It is noteworthy that we only count those close-range
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salt bridges in a distance of 4 Å. Other charged interaction beyond this distance might still
contribute for the electrostatic interactions significantly in binding mode 2, which can be verified
by quantitative calculations in the section of binding force and binding energy calculation. On the
other hand, this observation also shows that at close contact distance, mode 1 has more stable
complimentary charged residue pairs compared to mode 2. It is also notable that a single residue
of Asp324.B forms two salt bridges with very high frequency in binding mode 1, the dominant
binding mode discussed below.
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Figure 4.4.2 Key residues forming salt bridges at capsomer interfaces. The two capsomers are
labeled in blue (left) and pink (right) to show the capsomer interface. (A), (C), and (E) show the
strongest salt bridge found in modes 1, 2 and 3, respectively. (B), (D), and (F) show the total
number of salt bridges counted at each frame during the 20nm simulation for the interface of modes
1, 2 and 3, respectively. This image is adopted from reference (Xian, Karki et al. 2019) with
permission.
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Table 4.4.1 Salt bridges formed with the 3 binding modes during MD simulation
Binding
modes

Salt bridges

Number

Percentage

Average*

Mode 1

Asp324.B-Lys107.A

1,934

48.35%

1.85

Asp324.B-Arg104.A

3,604

90.10%

Asp375.A-Arg252.B

834

20.85%

Glu172.A-Arg62.B

865

21.63%

Glu97.B-Arg104.C

3,970

99.25%

Glu99.C-Arg104.B

2,226

55.65%

Asp375.C-Arg62.D

1,670

41.75%

Asp324.E-Lys317.C

684

17.10%

Mode 2

Mode 3

1.57

0.59

* the average salt bridge number for each frame calculated from 4,000 frames.

4.4.1.4 Electrostatic Binding Force between PBCV-1 Capsomers
To compare the strengths of the binding forces in all the three binding modes, the calculated
total forces versus the distance from 5Å to 40Å for each binding mode were plotted (Figure
4.4.3A), which clearly demonstrated that the binding forces in binding modes 1 and 2 are attractive
and in binding mode 3 is repulsive, consistent with the electric field line analyses above (Figure
4.4.1F). Furthermore, the attractive force in binding mode 2 is stronger, approximately 1.2 to 2.0
times at various distances, than that of binding mode 1. The maximum magnitude of repulsive
mode 3 is 1/20 to 1/10 of that of mode 1 indicating its repelling contribution is minor. In addition
to the magnitudes, the directions of the binding forces at different distances were plotted in Figure
4.3.2 and Figure 4.4.4. For binding modes 1 and 2, the forces are attractive up to 35Å, beyond
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which the directions of the forces become random (Figure 4.4.4A1-3) while the magnitudes
become insignificant (Figure 4.4.3A1-3). This indicates the range of effective forces of modes 1
and 2 is around 35Å, which means that during the viral capsid assembling, capsomers need be
brought together within this range when the electrostatic binding forces become effective.
For perpendicular shifting operations from -60Å to 60Å for all three binding modes, global
maximum attractive forces for modes 1 and 2 and repulsive force for mode 3 are all located at the
near native position (Figure 4.4.3B1-3). The distribution of the forces shows attractive funnel
between -10Å to +35Å, between -5Å to 25Å for mode 1 and 2, respectively (Figure 4.4.3B1-2).
Overall for mode 3, the repulsive forces form a funnel ranging from -35Å to +25Å and centering
at near the native position (Figure 4.4.3B3).
For spinning operations of binding mode 1, one of the strongest forces exerted toward the
fixed capsomer is observed at the native orientation. The range of attractive forces funnel is from
-30° to 10° (Figure 4.4.3C1). For binding mode 2, the native orientation has the strongest binding
force with the attractive funnel ranged -40° to 10° (Figure 4.4.3C2). For binding mode 3, consistent
with all our previous observation, most of the binding forces are repulsive with the strongest one
at around 30° (Figure 4.4.3C3).
The binding forces of rotating capsomer B around A in binding mode 1 shows the binding
funnel width is 25°, from -10° to 15°. The center of the binding funnel is located at the near native
position (Figure 4.4.3D1). For binding mode 2, one of the strongest attractive binding force is
found at the native position. The range of the attractive funnel is from -5° to 25° (Figure 4.4.3D2).
For binding mode 3, again consistent with all our previous observations, the binding forces remain
repulsive mostly with two peaks located at -10° and 5°. The native position is near one of the peaks
(Figure 4.4.3D3).

89

For each binding mode, binding funnels are investigated in various perspectives. These
calculations of the effect of distance and orientations to the binding force show that when the
manipulated capsomer is placed at a relatively close distance within 35Å to the fixed one, the
electrostatic forces not only attract them together, but also adjust their orientations to achieve
optimal binding for the assembly.
Based on the capsomer orientations (Figure 4.3.1B and Figure 4.4.1E), within the
trisymmetron, individual capsomer assembles using three mode 1 interactions which are all
attractive. In contrast, at the boundaries of the trisymmetrons, individual capsomer has one
intermediate attractive (mode 1), one strong attractive, and one repulsive interactions. In summary,
at either situation, each capsomer should have similar overall binding affinity to its surrounding
capsomers, which is further confirmed by the energy calculations discussed below.
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Figure 4.4.3 The magnitudes of the electrostatic binding forces of modes 1, 2 and 3 scanned by all
four operations. The magnitudes of binding forces are presented as vertical histogram bars for each
binding modes (panels in each column). Binding forces of each mode are scanned by four different
operations (panels in each row). For example, the panels in the first column are binding forces of
mode 1 scanned by (A1) shifting away 5Å to 40Å, (B1) shifting perpendicular 5Å to 60Å up and
down, (C1) spinning -60° to 60°, and (D1) rotating around -30° to 30°. Positive forces indicate the
attractive force while the negative forces are the repulsive forces. Black arrows on each panel point
to the native position.
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Figure 4.4.4 The directions of electrostatic binding forces of modes 1, 2 and 3. To clearly present
electrostatic forces, only fixed capsomers are shown on the left. Electrostatic forces are presented
as yellow arrows whose tail are located at the mass center of the manipulated capsomers (not
shown) when they are manipulated by each row (A) shifting away 5Å to 40Å, (B) shifting
perpendicular 5Å to 60Å up and down, (C) spinning -60° to 60°, and (D) rotating around -30° to
30° (see Figure 4.3.2). To differentiate the binding force from different spinning degree in row
(C), the force arrows are translated by 40Å onto a circle where the spinning degrees were
represented by the angles. The three columns and correspondent sub panel number represent the
binding mode. Binding forces of each mode are scanned by four different operations (panels in
each row). For example, panels in the first column are binding forces of mode 1 scanned by (A1)
shifting away, (B1) shifting perpendicular up and down, (C1) spinning, and (D1) rotating around.
To only see the force directions, all the force arrows were normalized to the same size to make the
weak forces visible (especially for binding mode 3). The amplitudes of the forces are presented in
Figure 4.4.3.
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4.4.2 the Free Binding Energy of Different Capsomer Pairs
The binding free energy was calculated to be -60.85 kcal/mol for binding mode 1, -98.43
kcal/mol for binding mode 2, and -23.81 kcal/mol for binding mode 3 (Table 4.4.2). Overall, all
three binding modes were shown to have attractive binding and will contribute to stabilize the viral
capsid during and after its assembly. The Coulombic components are consistent to the electrostatic
forces discussed above that binding mode 2 is strongly attractive (-167.72 kcal/mol), binding mode
1 is weakly attractive (-64.89 kcal/mol), and binding mode 3 is repulsive (23.69 kcal/mol). In the
electrostatic repulsive binding mode 3, even though the charged residues in the interface are
repelling each other, the total binding free energy is still negative mainly due to the contribution
for the non-polar part of the solvation energy and Van der Waals energy. Binding mode 2 was
shown to have the strongest binding. However, at the boundary of trisymmetrons, the combined
energy of binding mode 2 with the weak binding mode 3 is similar to the summation of two binding
energies from mode 1. Therefore, the assembly using binding mode 2 and 3 is possible at the
boundary of trisymmetrons. After assembly, these two binding modes do contribute to the
stabilization of the capsid. However, when disassembling, because mode 3 is the weakest mode
with repulsive electrostatic interaction, those binding mode 3 interfaces along the boundary of
trisymmetrons should be detached first. This further indicates that the boundaries of the
trisymmetrons should be the breaking lines, which explains the observations of previous
experiments.
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Table 4.4.2 Binding energy for three binding modes

Binding
Mode

Polar

Non-Polar

Solvation

Solvation

Energy

Energy

(kcal/mol)

(kcal/mol)

Total
Van der Waals

Coulombic

Energy

Energy

(kcal/mol)

(kcal/mol)

Binding
Energy
(kcal/mol)

Mean

SD

Mean

SD

Mean

SD

Mean

SD

Mean

SD

1

99.41

19.46

-14.58

0.73

-80.80

6.50

-64.89

25.22

-60.85

8.05

2

208.20 28.27

-19.17

1.05

-119.74 10.25 -167.72 32.72

-98.43

9.83

-9.67

0.71

-46.25

-23.81

5.65

3

8.42

16.23

5.59

23.69

16.67

4.4.3 T-number and total contribution of each mode in the virion of giant virus
As mentioned above, all giant viruses have their h number equal to 7 and have the same
size pentasymmetrons with 31 capsomers: 1 pentameric capsomer located at the 5-fold axis and
30 (pseudo-hexameric capsomers that form three layers radiating from pentameric capsomer. The
size difference among giant viruses only appears on their various sizes of trisymmetron. The size
of trisymmetron is linked to the k in the T-number. If the equilateral trisymmetron has n capsomers
on its edge, due to the same three layers in a pentasymmetron asymmetric unit, n will be k plus 3.
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Figure 4.4.5 Schematic demonstration of the trisymmetron for calculating the population of all 3
binding modes. Each black dot represents one capsomer. Different types of lines represent different
binding mode between two capsomers (dots). Within the trisymmetron, n (for PBCV-1, n=11)
rows of capsomers were connected by binding mode 1 (solid line). At the bottom edge, extra row
of dots (capsomers) from neighboring trisymmetron are shown connected by dashed line and
dotted lines, representing binding modes 2 and 3, respectively. The capsomer numbers along one
edge are labeled by their number of n. Image modified from reference (Xian, Karki et al. 2019)
with permission.

Capsomers inside a trisymmetron with the same orientation interact with each other in
binding mode 1, while capsomers at the boundary of trisymmetrons interact with each other in
binding mode 2 or 3. Using PBCV-1 trisymmetron as an example (Figure 4.4.5), we can derive
the formulas for the total number N of each mode of interactions within one virion.
For each trisymmetron, the number of shaded triangles in Figure 4.4.5 is n ∙ (n-1)/2. For example,
in PBCV-1, this number is 55 (11 x 10 / 2). Each of these shaded triangles are formed by three
capsomers that are linked by three mode 1 bindings (orange solid lines in Figure 4.4.5), so the total
number of mode 1 interactions for each trisymmetron Nmode1 will follow the formulae below.
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𝑁.20,4 = 𝑛 ∙ (𝑛 − 1) ∙

3
2

(4.4)

For binding modes 2 and 3 at each edge of trisymmetron, the number of their interaction per
edge is n.
(4.5)

𝑁.20,!⁄= = 𝑛

Because each icosahedron giant virus has 20 trisymmetron, 30 trisymmetron edges, and as
aforementioned, n = k + 3, formulas of total number of each mode for one intact virion can be
derived as:
𝑁.20,4 = 𝑛 ∙ (𝑛 − 1) ∙ 3 ∙ 20⁄2 = (𝑘 + 3) ∙ (𝑘 + 2) ∙ 30
𝑁.20,!⁄= = 𝑛 ∙ 30 = (𝑘 + 3) ∙ 30

(4.6)

(4.7)

Based on these formulas, the total numbers of binding modes 1, 2 and 3 in PBCV-1 are 3,300,
330, and 330, respectively. These formulas can be applied on other NCVs with known T
numbers (Table 4.4.3). Clearly, binding mode 1 is the dominant interaction that stabilize the final
assembled virion.
Table 4.4.3 Numbers of the three different binding modes in NCV capsids.
T Number

Virus
CroV
ASFV
PpV01
PBCV-1
AaV
CIV

h
7
7
7
7
7
7

Intermediate

Strong

Weak

12,600
6,300
4,680
3,300
3,300
2,700

630
450
390
330
330
300

630
450
390
330
330
300

k
18
12
10
8
8
7
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4.4.4 The Structures of the Minor Capsid Proteins of NCVs
Due to the recent innovations in cryo-EM techniques, significant breakthroughs in
NCLDVs structural studies occurred in 2019, when structures of two NCLDVs, PBCV-1 Fang,
Zhu et al. (2019) and the African swine fever virus (ASFV) (Liu, Luo et al. 2019, Wang, Zhao et
al. 2019), with 3.5Å and the 4.5Å resolution respectively, were published. Besides providing highresolution details on the capsomers, both structures also uncovered 14 and 4 different types of
minor capsid proteins (mCPs) in PBCV-1 (Fang, Zhu et al. 2019) and ASFV (Liu, Luo et al. 2019,
Wang, Zhao et al. 2019), respectively. One mCP is the penton protein that is on each five-fold
vertex of the icosahedral capsid. All the other mCPs identified in these two structures form the
hexagonal networks located underneath the capsomers. Among the mCPs identified in PBCV-1,
four different mCP including the TmP (mCP2), mCP3, mCP4, mCP5, and mCP13, form the
network located directly below the trisymmetrons. These mCPs, especially TmP and mCP3, are
mostly in elongated fiber-like conformation. Seven mCPs are found in the pentasymmetron region,
including the mCP6, mCP7, mCP8, mCP9, mCP10, mCP12, mCP14 and the N-terminal region of
TmP. Beside the TmP, the other protein found in pentasymmetron regions aren’t in elongated
conformation although most of them contains only flexible loops. Additional to these mCPs
mentioned above, another mCP named mCP11 functions as the zipper protein that seals the
neighboring symmetrons. Nine of these mCPs including mCP2, mCP6, mCP7, mCP9, mCP10,
mCP11, mCP12, mCP13, and mCP14, were predicted to process transmembrane helices.
Therefore, additional to stabilizing the MCP assembly, these mCPs were suggested to play role in
associating the MCP layer with the inner membrane. Compare to PBCV-1, ASFV appeared to
have adopted to the much simpler composition of mCPs, containing only the TmP, p17, p49 and
a putative zipper protein P3. While the p49 is suggested to be located directly under the penton
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protein and help anchor the penton protein on the membrane, the p17 is responsible for forming
the hexagonal network throughout the viral capsid.
While all these mCPs play significant roles in viral capsid assembly, most of our interest
falls in the TmP in PBCV-1 (gene A342L) and ASFV (gene L454). These TmPs the build the
framework of the aforementioned network beneath the capsomers (Figure 4.4.6A-B). The TmP
from PBCV-1 is rich in proline and glycine residues, 7.3% and 9.7%, respectively, suggesting the
conformation of this TmP has rigid turns and flexible regions. The cryo-EM reconstruction of
PBCV-1 shows that there are in total 60 copies of TmPs, which has a remarkably extended
polypeptide structure that is approximately ~720 Å in length and harbors many bends (Figure
4.4.6E). These bends are likely due to the richness of proline and glycine, allowing the TmP to
flexibly snaking through the gaps of the capsomers. This TmP spans from the near center of one
five-fold vertex to the edge of a neighboring pentasymmetron. Two TmPs lie anti-parallelly on the
boundary of two adjacent trisymmetrons linking the two neighboring pentasymmetrons (Figure
4.4.6A). Additionally, the length of currently identified TmP genes of PBCV-1 and ASFV, as well
as those putative ones in Mimivirus and CroV, are approximately proportional to the physical
capsid sizes of correspondent viruses (Fang, Zhu et al. 2019). These results support the idea that
the length of the TmP will determine the size of the capsid since all icosahedral NCLDVs has the
same size of their pentasymmetrons (30 capsomers) and their trisymmetron sizes vary (Xiao,
Fischer et al. 2017).
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Figure 4.4.6 The icosahedral framework formed by PBCV-1 tape measure proteins (TmPs) and
their interactions with capsomers at one pentasymmetron. (A) The PBCV-1 TmPs spanning on top
of the whole viral inner membrane represented by a transparent icosahedron. Each TmP is colored
in a rainbow from blue (N-terminal) to red (C-terminal); The penton proteins (colored in purple)
are shown for better visualization of the five-fold vertices. Two pentasymmetrons and two
trisymmetrons are shaded on the icosahedron surface by purple and yellow areas, respectively. The
edge of the trisymmetrons is highlighted by the light purple dash line. Scale bar, 500Å. (B) The
capsomer assembly on two neighboring five-fold vertices. The capsomers are shown in ribbon and
colored based on their orientation in red, green, blue, cyan, and orange, respectively. This coloring
scheme is similar to a previous study (Xiao, Fischer et al. 2017) with animation (Xiao, Fischer et
al. 2017) showing the spiral assembly hypothesis. The coloring scheme of TmPs and penton
proteins are the same as that in panel(A); (C) A enlarged view of the PBCV-1 capsomer assembly
around one five-fold vertex. The capsomers are shown in transparent surfaces and colored
differently based on their orientations similar to that of panel (B). One asymmetric unit (ASU) of
the pentasymmetron is highlighted by a yellow dashed line. Capsomers are labeled as Pna to Pnf
where n varies from 1 to 5 corresponding to the five ASUs. The penton protein is labeled as P0;
(D) The enlarged ASU as highlighted in panel (C). The six capsomers are labeled as in panel (C)
while their orientations are differentiated by the colors of their surface. Additionally, the
orientation of the capsomers are indicated by triangles whose vertices are placed on top of the jell
roll 2. Because the orientation of P1d capsomer is different than the other five, its triangle label is
colored in blue, while the other triangles are all colored in green. The major bend of the TmP is
indicated by a yellow arrow. The penton protein is shown for reference. (E) The ribbon diagram
of the TmP from PBCV-1. The α-helices and β-strand are colored in red and green, respectively.
The N-terminal, middle, and C-terminal regions are outlined by dash line boxes.
In general, the TmP from PBCV-1 has an overall extended structure with 17.7% and 0.6%
residues in α-helices and β-strand, respectively (Figure 4.4.6E). It is noteworthy that none of these
secondary structures are packed into global shapes. There are six short α-helices (5-6 amino acids)
and one β strand (3 amino acid) located in the middle regions of the TmP that is relatively straight.
There are longer α-helices (5-13 amino acids) located at the detectable N- and C- terminal regions
of the TmP. These helices may stabilize the significant curvature of the TmP when it wraps around
certain capsomers (Figure 4.4.6B-D). The very beginning of the N-terminus of TmP was suggested
to be disordered as its density couldn’t be detected in the cryo-EM reconstruction. The detectable
density of the TmP begins below the center of the capsomer at Pa location, which is adjacent to the
penton protein P0 (Figure 4.4.6C-D). The TmP then wraps around capsomer Pb. It is noted that

101

instead of following the boundary of the ASU of pentasymmetron, the TmP bends to wrap around
capsomer Pe excluding Pd before it reaches to the trisymmetron. It is interesting that the capsomer
Pd is orientated differently from the other five within the same ASU of the pentasymmetron (Figure
4.4.6D). One can speculates that the bending of TmP allows two differently orientated capsomers
(Pd and Pe) to pack together. As a result of this bending, the structure of the five TmPs from the
same five-fold vertex shows an interesting spiral pattern that is consistent with the capsomer
orientation distributions (Figure 4.4.6C). Based on these observations, the TmP likely facilitates
the previously proposed spiral assembly of the capsomers.

4.4.5 The Tape Measure Proteins in Icosahedral NCV Capsid Assembly
As a non-icosahedral NCV, the assembly of VACV shares many common features with
icosahedral NCVs, such as the membrane reorganization and the “crescent” precursor that contains
an inner smooth lipid membrane and an external honeycomb lattice layer formed by the D13
scaffold protein (Risco, Rodriguez et al. 2002, Szajner, Weisberg et al. 2005, Liu, Cooper et al.
2014). Noted that the structure of the D13 scaffold protein is highly conserved to those of the
MCPs from many icosahedral NCVs (Figure 1.5.1H). However, the assembly of the scaffold
protein D13 on the growing membrane results in spherical particles instead of icosahedral ones
(Figure 1.4.1E-F) (Bisht, Weisberg et al. 2009, Chichon, Rodriguez et al. 2009, Chlanda, Carbajal
et al. 2009, Liu, Cooper et al. 2014). Inspired by the symmetron model and mCP scaffold model
where the TmPs play crucial roles in icosahedral capsid assembly, we did a bioinformatic analysis
to search for TmP homologs in all available NCV genomes using the two TmPs identified in
PBCV-1 and ASFV. Our results suggested that many icosahedral NCVs such as members from
the Asfarviridae, Mimivirida, and Phycodnaviridae process TmPs homologs. Interestingly, no such
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TmP homologs were found in poxviruses (Figure 4.4.7) (Xian, Avila et al. 2020).We speculate
that the lack of TmP is an essential factor that leads to the spherical instead of icosahedral
symmetry of immature VACV particles (Figure 1.4.1E-F).
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Figure 4.4.7 A taxonomic tree built from the merged BLASTp hits of the two known tape measure
proteins (TmPs). Two BLAST searches using the amino acid sequences of the two known TmPs
from PBCV-1 and ASFV were performed against the all available virus genomes with an EThreshold of 0.01. On the left, the merged taxonomic tree of these BLAST hits of the two known
TmPs based on their taxonomy ID provided by the International Committee on Taxonomy of
Viruses. On the right of the tree are two columns of heatmaps based on the BLAST e-values
corresponding to the hits on the tree. The exact e-values are shown in the columns. The color scale
is shown on the right. The tree was generated using phyloT tool version 2019.1 (Letunic 2019)
using NCBI taxonomy. The tree was visualized using iTOL (Letunic and Bork 2007).

While the spiral assembly mechanism is consistent with many electron microscopy studies
on viral assembly inside the cell, this hypothesis did not address the question of how the size of
the capsid are controlled and how the neighboring vertexes are connected to the initial vertex
(Xiao, Fischer et al. 2017). These two questions can now be answered by the functions of TmP.
The length of the TmPs are proportional to the size of the NCV capsids (Fang, Zhu et al. 2019,
Liu, Luo et al. 2019, Wang, Zhao et al. 2019). Since all the pentasymmetrons of icosahedral NCVs
are the same, the size of the viral particles are determined by the size of the trisymmetrons (Table
1.5.1). As the TmPs connect two neighboring pentasymmetrons and “measure” the length of the
edges of the trisymmetrons, it provides a mechanism for not only extending the assembly from
one vertex to the next but also regulating the size of the particle. Therefore, as an extension to this
hypothesis, we propose that as the assembly of capsomers proceeds from the initial five-fold
vertex, the second TmP comes in contact with the assembled capsomers located at the boundary
of the pentasymmetrons (Figure 4.4.6B) Then, together with the first TmP, they connect the second
five-fold vertexes, allowing the continuous assembly of capsomers to proceed around the
neighboring vertices.
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4.4.6 A Refined Assembly Model for Giant Virus Capsid
Results discussed in this chapter collectively suggest that the successful assembly of the
NCVs requires the precise and efficient cooperation of both mCPs and MCPs. While the MCPs
play significant roles in establishing the icosahedral geometry of the viral capsids as they
progressively assemble onto the membrane, the mCPs closely interact with the MCPs as well as
the viral membranes stabilizing the multilayer viral architecture. Although the three assembly
models mentioned above did suggest some interesting mechanisms of icosahedral NCV capsid
assembly, they all have problems. For example, the symmetron model is not consistent with the
continuous process of assembly seen in many EM studies. The spiral model does not consider the
roles of mCPs and only shows the initiation of the assembly. The mCP scaffold model relies on
the preassembled TmP framework for MCP docking. Therefore, using the highest resolution
structural information from PBCV-1, we present a refined model of icosahedral NCV capsid
assembly. This model is purely speculative, based on the locations and the interactions among
capsid proteins while considering all the valuable components in the three proposed models as
well as the experimental observations discussed above. The steps of the proposed assembly model
using mostly mCP names from PBCV-1 are listed below:
1. In the initial state, the membrane is ruptured from the ER by protein homologs to the p17 found
in ASFV;
2. To initiate the assembly, The penton (P0) is then anchored onto the ruptured membrane with
the help of mCPs: mCP14, mCP9, mCP10 and possible homologs to the p49 from ASFV
(Figure 4.4.8A);
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3. The N-terminals of the TmPs are then locked onto the initial five-fold vertex through their
interaction with the mCPs, especially mCP10s. This is because the individual mCP10 wraps
around the N-terminus of each TmP. Meanwhile, the free ends of TmPs remain loose and
flexible (Figure 4.4.8B);
4. Five MCP capsomers then dock onto the network built by the mCPs (mCP14, mCP9, mCP10)
and establish the first layer of the pentasymmetron (Figure 4.4.8C). These capsomers are
labeled as Pna where n represents ASU numbers from 1 to 5. The capsomers from the outer
layer are labeled in similar ways as Pnb, Pnc, Pnd, Pne, and Pnf in the following panels. The
interactions of the five Pna capsomers with the P0, the mCPs, and the membrane facilitate their
precise docking (Figure 4.4.8C);
5. More mCPs (mCP6, mCP7; mCP8) associate with the membrane as the open membrane sheet
continues to grow. Alternatively, the mCPs facilitate the growth of the viral membrane by
rupturing more ER membranes. These mCPs will also bind to the loose ends of the TmPs and
help glue them onto the membrane. It is noteworthy that a major bend of the TmP occurs right
before its contact with mCP6. Thus, the mCP6 may introduce such a structural bend of the
TmP, resulting in the interesting spiral pattern of the five TmPs (Figure 4.4.8D);
6. Meanwhile, more MCP capsomers are recruited to the five-fold center to assemble the second
(Pnb and Pnc) and the third layers (Pne and Pnf) of the pentasymmetron; The successful
assembly of these two layers allows the TmPs to wrap around the Pnb and Pne capsomers
(Figure 4.4.8D);
7. The assembly of the Pnd capsomer appears to be a rather unique scenario as the Pnd seems to
be excluded from the other five capsomers (Pna, Pnb, Pnc, Pne and Pnf) by the TmP. The Pnd
also interacts with the mCP6 that is speculated to bend the TmP in step 5. The mCP6 has one
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main body and two arms (mCP6 in Figure 4.4.8C). The main body and one of the arms of
mCP6 wrap around the Pnd while the other arm of the mCP6 interacts with the mCP8.
Coincidently, the orientation of the Pnd is rotated by 60° compared to the other five capsomers
located in the same ASU of pentasymmetron (for example, P1d is 60° rotated compared to P1a,
P1b, P1c, P1e, P1f) (Figure 4.4.8E); Therefore, we speculate that the unique orientation of Pnd
results from the interaction among the Pnd, mCP6 and TmP. While Pnd is docked, both mCP11
and mCP12 approach the capsomers at the boundaries of the pentasymmetron, securing and
completing the assembly of the pentasymmetron (Fig. 8E);
8. More capsomers (Tna, Tnb, Tnc, etc, where n represents ASU numbers from 1 to 5) are
recruited to assemble the trisymmetron (Figure 4.4.8F);
9. As the assembly of trisymmetron continues, the free C-termini of TmPs are in a search mode
until they find and bind to another assembled pentasymmetron. The free end of TmP from the
latter pentasymmetron will bind to the initial pentasymmetron, leading to two antiparallel
TmPs connecting these two pentasymmetrons. The connection established by TmPs will allow
the membrane growth and capsomer assembly to proceed to the next vertex with the help of
other mCPs (Figure 4.4.8G)
10. As the assembly of viral capsid proceeds, more vertices are connected to the assembling
polyhedral capsid through a similar mechanism in step 9, allowing the continuous assembly of
capsomers and membrane until the assembly of viral capsid is completed with a icosahedral
symmetry.
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Figure 4.4.8 The refined model of NCV assembly using mCPs identified in PBCV-1. (A) the
initiation complex of the assembly at the five-fold vertex; (B) The attachment of TmPs; (C) The
first layer of the pentasymmetron and addition of mCP6, mCP7, and mCP8; (D) The bending of
TmP and the addition of the second and the third layer of the pentasymmetron; (E) The docking
of the unique Pnd and the binding of mCP11 and mCP12; (F) Extension of pentasymmetron to
trisymmetron; (G) The connection of two pentasymmetrons by TmPs and the continuation of the
trisymmetron assembly with the help of mCP11 and other mCPs.

4.5 CONCLUSION
In the last three decades, many giant DNA viruses have been discovered. Giant viruses
present a unique and essential research frontier for studies of self-assembly and regulation of
supramolecular assemblies. The question on how these giant DNA viruses assemble thousands of
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proteins so accurately to form their protein shells, the capsids, remains largely unanswered.
Revealing the mechanisms of giant virus assembly will help to discover the mysteries of many
self-assembly biology problems. Paramecium bursaria Chlorella virus-1 (PBCV-1) is one of the
most intensively studied giant viruses. Here, we implemented a multi-scale approach to investigate
the interactions among PBCV-1 capsid proteins.
In this chapter, we first investigated the electrostatic interactions among the capsomers in
PBCV-1. We demonstrated that due to the geometrical symmetry of a capsomer and charge
distribution, there are three binding modes: binding mode 1, the dominant binding mode in the
whole capsid, reside inside the trisymmetron where they are packed in the same orientation;
binding modes 2 and 3 are formed at the boundary between two trisymmetrons where the
capsomers have different orientations. The electrostatic interactions in all the binding modes are
quite different. For the binding mode 1, the electrostatic interaction is attractive. However, the
binding modes 2 and 3, which are at the boundary of two trisymmetrons, result in attractive and
repulsive electrostatic interactions, respectively. The salt bridge analyses demonstrate that several
key residues from the binding interfaces play significant roles for the capsomer interactions by
forming stable inter-capsomer salt bridges. Simulations also show binding mode 1 forms highest
average amount of stable salt bridges (Table 4.4.1 and Figure 4.4.2). For instance, Asp324.B forms
two salt bridges with very high frequency. In order to demonstrate the importance of these residues
for capsomer intermolecular interactions, these residues can be mutated and studied by simulations
and experiments in the future. Combining with DelPhiForce, the net forces between two capsomers
in each binding mode are studied and it is shown that in binding modes 1 and 2, the electrostatic
attractive binding forces are responsible for capsomer recognition. Binding funnels are found at
the binding interfaces when manipulating capsomer pair in four different ways. Such binding
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funnels guide and rotate two capsomers towards the final assembled positions. The results
demonstrate that the electrostatic forces play vital roles in viral capsid assembly by guiding the
capsomers to interact with each other at the favored distance and orientation to maintain stable
assembly.
Secondly, using molecular dynamic simulation followed by MMPB/SA method, the total
binding free energies of each binding mode were calculated and were consistent with our
electrostatic interaction analysis. Overall, when considering the total binding energies, all three
binding modes were shown to have attractive binding interactions, among which the binding mode
2 is the strongest (Table 4.4.2). Even in electrostatic repulsive binding mode 3 (Figure 4.4.1E-F),
the total binding energy is still negative mainly due to the contribution of the non-polar part of the
solvation and Van der Waals energies (Table 4.4.2). Although binding mode 1 has intermediate
binding energy, unlike binding modes 2 and 3 that only exist at the boundary between symmetrons,
its population through the viral capsid (Figure 4.4.5 and Table 4.4.3), make it the dominating
binding mode that stabilizes the capsid during and after the assembly.
Lastly, we highlighted the functions of the mCPs through detailed structural and
bioinformatic analysis. Combined with previous experimental observation, we proposed a refined
hypothesis that takes into consideration many of the experimental evidence, as well as the recent
high resolution structures of the viral capsids (Figure 4.4.8). This hypothesis provides a more
comprehensive description on the structures of the essential capsid proteins and their potential
functions in the assembly.
In conclusion, results and tools generated in this work established an initial
computational approach to answer current unresolved questions regarding giant virus assembly
mechanisms, illuminated the elegant mechanisms of giant viral capsid assembly from the
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aspects of energy and force, highlighted the possible roles of viral membrane and capsid
proteins, and drew attention to the to-be-answered questions on the existing models that require
further examination, hence, piloting the possible directions for future investigations. Deciphering
the sophisticated assembly process of the large and complicated icosahedral NCV capsids will
advance our knowledge in the mega-assembly of other biological supramolecular complexes.

4.6 FUTURE DIRECTION
However, many questions remain unanswered, such as: What are the factors that constrain
the size of the pentasymmetrons? What are the molecular driving forces behind the association
among the viral membrane, mCPs, and MCPs? What are the mechanisms that coordinate the viral
capsid assembly and viral genome encapsidation? And, how are the unique portals observed in
Mimivirus and PBCV-1 assembled? Therefore, all proposed models remain speculations pending
on further investigation of the assembly process through both structural and molecular virological
studies. For instance, higher resolution structures of icosahedral NCVs will identify new viral
factors that contribute to the capsid assembly. Another useful experiment that represses TmP
expression using recombinant NCVs such as that of ASFV (Garcia-Escudero, Andres et al. 1998)
will provide deeper understanding on critical role of the TmPs in the assembly process.
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CHAPTER 5: Thermal Stability Analyses of Human PERIOD-2 C-terminal Domain
5.1 INTRODUCTION ON CIRCADIAN RHYTHM AND HUMAN PERIOD-2 C-TERMINAL
4In

mammals, the circadian rhythm is driven by an intrinsic 24-hour biological clock that

synchronizes the sleep-wake cycle to external environmental cues such as light (Panda, Antoch et
al. 2002, Takahashi, Hong et al. 2008, Mohawk, Green et al. 2012, Partch, Green et al. 2014). Over
the past three decades, core proteins that regulate the circadian rhythm have been identified
including Brain and Muscle ARNT Like-1 (BMAL1), Circadian Locomotor Output Cycles Kaput
(CLOCK), Cryptochrome (CRY), and Period (PER) (Mohawk, Green et al. 2012). Being
transcription factors, CLOCK and BMAL1 heterodimerize and activate many clock and clockcontrolled genes that possess E-box elements in their promoter regions, including Per and Cry
genes. After transcription and translation with time delays, PER and CRY proteins accumulate in
the cytosol and form complexes that translocate into the nucleus to inhibit the function of the
CLOCK/BMAL1 complex. Thus, PERs and CRYs regulate their own transcriptions to generate a
negative feedback loop (Harmer, Panda et al. 2001, Mohawk, Green et al. 2012). Long term
disruption of the circadian rhythm in humans have been associated with sleep disorders, heart
diseases, hypertension, diabetes, higher risks for cancers, and other metabolic disorders (Czeisler,
Richardson et al. 1981, Fu, Pelicano et al. 2002, Takahashi, Hong et al. 2008, Rana and Mahmood
2010, Potter, Skene et al. 2016, Bhadra, Thakkar et al. 2017, Pfeffer, Korf et al. 2017).
In humans, PER protein has multiple paralogs known as hPER1, hPER2, and hPER3
(Shearman, Jin et al. 2000, Bae, Jin et al. 2001), while CRY protein has two paralogs as hCRY1
and hCRY2 (Griffin, Staknis et al. 1999, Hawkins, Meyers et al. 2008). Of these three PERs,

4 Some parts in this chapter, identified by vertical lines in the right margin, are taken verbatim from published
papers by the same author of this dissertation (Xian, Moreno et al. 2020).
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hPER2 has been implicated in familial advanced sleep phase syndrome due to a single point
mutation (S663G) (Toh, Jones et al. 2001). hPER2 has multiple functional domains that are known
to interact with diverse proteins and activate many pathways related to various disorders and
diseases (Fu, Pelicano et al. 2002, Rana and Mahmood 2010). For instance, hPER2 has been shown
to interact with p53, the tumor suppressor protein, at two different regions (Gotoh, Vila-Caballer
et al. 2014, Gotoh, Vila-Caballer et al. 2015, Gotoh, Kim et al. 2016) (Figure 5.1.1A). The Nterminal region of PER2 is composed of two PAS (PER-ARNT-SIM) domains that overlap with
GSK3-β phosphorylation sites, while the middle region of PER2 has casein kinase 1 δ or ε (Figure
5.1.1A) phosphorylation sites (Toh, Jones et al. 2001, Eide, Vielhaber et al. 2002, Eide, Woolf et
al. 2005, Vanselow, Vanselow et al. 2006). In rats, the C-terminal region of PER2 (PER2c) has
been previously shown to play a key role with CRY1 in translocating the PER2/CRY1 complexes
into the nucleus (Tomita, Miyazaki et al. 2010). PER2c is also predicted to act as a Nuclear
Localization Domain (NLD) (Miyazaki, Mesaki et al. 2001).
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Figure 5.1.1 The structures and sequences of PER2. (A) Schematic diagram of human PER2
domain structure. The two PAS domains were colored in blue. The N-terminal possible
phosphorylation region of hPER2 by GSK3-β was colored in light yellow and overlapped both
PAS domains until residue 371. The two potential interaction regions of hPER2 with p53 were
colored in pink with the residue range labeled on the top of both ends. The second interaction site
is overlapped with casein kinase 1ε (CK1ε) phosphorylation regions that is colored in green and
boundary residues were labeled on the bottom of both ends. The hPER2c region that interacts with
CRY was colored in red with boundary residues labeled on the top. The diagram was generated by
IBS (Liu, Xie et al. 2015). (B) Multiple sequence alignments of mouse and human PER2c. Cloned
sequences of mouse PER2c in PDB 4CT0 and 4U8H were aligned with that of human PER2c.
Sequences whose structures are not available (not shown) in (C) are in light grey. Sequences that
were added for cloning purpose are underlined. Sequence numbers marked with “†” do not include
those residues added for cloning purposes. Dots are added below each 10th residue for easy
counting. α helices (helical ribbon) and β strands (arrows) are labeled above the corresponding
sequences. “*”, “:”, “.”, and space beneath the aligned sequence indicate identical (conserved),
strongly similar, weakly similar, and different (not conserved), respectively (Sievers, Wilm et al.
2011). (C) Comparison between the selected Model 3 from I-TASSER homology modeling server
of hPER2c and two structures of mPER2c solved in the complexes with mouse CRYs. Two
mPER2c structures have been solved in complex with mCRY1 (PDB ID 4CT0, colored in orange)
and mCRY2 (PDB ID 4U8H, colored in cyan). Using Chimera (Pettersen, Goddard et al. 2004),
these two mPER2c structures have been superposed on the homology model of hPER2c (colored
in pink) with extra C-terminal parts that have no available crystal structures. The structure of
mCRY2 (from PDB 4U8H) is presented with a transparent light sea green surface to show how
these PER2cs are wrapped around CRY. The interface region between mCRY1 and mPER2c
where the Zn2+ (red sphere) is located (chelated by four residues from both molecules) was
outlined in black dashed lines and enlarged in (D). The small panels of (E), (F), and (G) are similar
but enlarged diagrams as (C) showing the C-termini (each of 40 residues) of Model 1 (green), 2
(blue), and 4 (yellow) of hPER2c from I-TASSER server, respectively. mCRY2 density was
removed for clarity. The locations of Zn2+ (red sphere) in these models were outlined in black
dashed lines.

Based on previous mutagenesis studies, amino acid residues between 1179 and 1198 in rat
PER2c are believed to be essential for binding to CRY1. Substitutions or deletions of the residues
in this conserved region have shown to affect PER2’s functions, which was predicted to be due to
the changes in its structure (Tomita, Miyazaki et al. 2010). Following the mutagenesis studies in
rats, two structures have been solved for mouse PER2c (mPER2c) in their complex forms, one
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with mouse CRY1 (mCRY1) (Schmalen, Reischl et al. 2014) and the other with mouse CRY2
(mCRY2) (Nangle, Rosensweig et al. 2014). In the structural study of mCRY1 (residue 1 to 496)
and mPER2c (residue 1132 to 1252) complex, the corresponding electron densities for residues
from 1215 to 1252 in mPER2c were too weak to determine their structures (Figure 5.1.1B-C). In
another structural study, mCRY2 (residue 1 to 512) was complexed with mPER2c (residue 1095
to 1215). The recombinant mPER2c had 26 residues longer sequence at the N-terminus (10951131) and 37 residues shorter at the C-terminus (1216-1252) when compared to the
mCRY1/mPER2c crystal structure (Figure 5.1.1B). Although in the study of mCRY2/mPER2c,
the recombinant mPER2c has extra residues (1095-1131) at its N-terminus, there is no structure
available for these residues. It is noteworthy that in both studies, mPER2c has a highly extended
structure that embraces mouse CRYs with five to six α-helices (Figure 5.1.1C). The two complex
structures are very similar to each other even though one is mCRY1 and the other is mCRY2. The
RMSDs between the two mCRYs are 1.84Å over all the 482 matching pairs of Cα atoms and
1.59Å over the 78 match pairs of Cα atoms between the two mPER2c in the complexes (Figure
5.1.1C).

The crystal structures have provided rich information about the static structures of CRY
and PER as well as their interactions, however, they cannot elucidate the dynamics of the proteins
in solution. The structural study of mCRY1/mPER2c included CD analyses of each individual
component as well as the complex (Schmalen, Reischl et al. 2014). The CD data of unbound
mPER2c showed much less secondary structure compared to that in the mCRY1/mPER2c
complex. Therefore, the authors had speculated that mPER2c becomes significantly structured
after interacting with mCRY1 (Schmalen, Reischl et al. 2014). It is noteworthy that these CD data
were measured only at 4°C without characterizing the structures at other temperatures. Sequence
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alignment data showed that mouse and human PER2c are highly conserved with approximately
69% identical residues and 83% similarity between residues 1130 to 1250 of human sequence
(Figure 5.1.1B). It has been speculated that the human PER2c behaves similarly to the mouse when
interacting with CRYs. However, the experimental evidences for this speculation are still lacking,
hindering our understanding of the role of hPER2 in human Circadian Rhythm. In this study, we
focus on the characterization of hPER2c molecule in vitro using size exclusion chromatography
(SEC), transmission electron microscopy (TEM), dynamic light scattering (DLS) (Stetefeld,
McKenna et al. 2016), and circular dichroism (CD) spectroscopy (Kelly, Jess et al. 2005).

5.2 GOALS AND SPECIFIC AIMS
The C-terminal domain of a key clock protein PER2 (PER2c) plays a critically important
role in the loop, not only for its interaction with the binding partner CRY proteins but also for the
CRY/PER complex’s translocation from the cytosol to the nucleus. Previous circular dichroism
(CD) spectroscopic studies have shown that mouse PER2c (mPER2c) is less structured in solution
by itself but folded into stable secondary structures upon interaction with mouse CRYs. This
chapter aims to understand the stability and folding of human PER2c (hPER2c). Result from this
work will shed lights in the structural stability and dynamics of hPER2c, which then deepen our
understanding in the role of PER2 in human Circadian Rhythm.
Specific Aim #1: To obtain large amount of soluble homogeneous hPER2c for structural
analysis. The hPER2c gene was previously cloned into the pCold I-hPER2c construct and
successfully expressed in BL21 cell. In this work, we focus on optimizing the purification
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protocols of the hPER2c and generate a large amount of soluble homogeneous hPER2c, which
then build the foundation for any future functional and structural studies.
Specific Aim #2: To characterize the oligomerization states of hPER2c and their possible
roles in assembly of circadian rhythm. Through a combination of biochemical and biophysical
techniques, the putative multimeric forms of recombinant hPER2c were identified. These
multimers will then be characterized in terms of their particle size, thermostabilities, secondary
structure stabilities, reactions to reducing reagents and more. These results have led to the
proposal of the potential role of hPER2c in the assembly of core protein complexes in circadian
rhythm.

5.3 MATERIALS AND METHODS
5.3.1 Homology Modeling of hPER2c
Sequence alignments of mPER2c to hPER2c were performed with CLUSTAL Omega
(Sievers, Wilm et al. 2011) to determine their domain similarity. Since the crystal structure of
hPER2c is not solved, we modeled the hPER2c 1130-1252 residues using I-TASSER server (Yang,
Yan et al. 2015), which provided multiple models that were close to the available mPER2c
structures. The I-TASSER modeled hPER2c structure was superposed to mPER2c structures using
Chimera

(Pettersen,

Goddard

et

al.

2004),

which

also

provided

RMSD

results.

PROCHECK(Laskowski, Macarthur et al. 1993) was used to validate the models.

5.3.2 Gene Cloning
Based on the structural study of mPER2c/mCRY1 (Schmalen, Reischl et al. 2014), the
gene sequence corresponding to residue 1130 to 1252 of hPER2c was amplified by PCR using a
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Phusion Flash High-Fidelity PCR Master Mix (Thermo Fisher Cat. #F548S). The PCR amplified
fragment was gel purified using the QIAquick Gel Extraction Kit (Qiagen Cat. #28704) and ligated
into the expression vector pCold I (Takara Cat. #3361) with NdeI and XhoI (NEB Cat. #R0111S
and R0146S) overnight at 16°C using T4 DNA ligase (NEB Cat. #M0202S) before transformation
into E. coli BL21(DE3)pLysS competent cells.

5.3.3 Protein Expression
Individual colonies were picked and grown into a starter culture in 3mL LB media with
ampicillin (100µg/ml) overnight at 37°C. A large-scale culture was inoculated from the overnight
pre-culture at a 1:1000 dilution. The culture was grown at 37°C until an OD600 of 0.6 was reached.
The temperature was then reduced to 16°C to activate the cold shock promoter in the vector. At
OD600 0.7, the culture was induced with 2mM IPTG (Isopropyl β-D-1-thiogalactopyranoside).
After four hours, the cells were harvested by centrifuging 4,690xg at 4°C for 30 minutes and the
pellets were resuspended in lysis buffer (20mM Tris pH 7.5, 500mM NaCl, 0.3mg/mL lysozyme,
1mM EDTA) and sonicated to release protein from bacteria. The lysate was centrifuged at
44,000xg for 45 minutes to remove the cell debris. The supernatant was filtered using a 0.22µm
filter prior to loading onto the affinity column.

5.3.4 hPER2c Purification
5.3.4.1 Affinity Chromatography
Affinity chromatography purification was performed using an AKTA PURE
chromatography system (GE Healthcare Life Sciences) and a 5ml HisTrap HP column (GE
Healthcare Life Sciences Cat. #17-5248-02). Binding buffer (20mM Tris pH 7.5 and 500mM
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NaCl) was used to equilibrate the column prior to loading the samples. After loading, the column
was washed twice with 50mM imidazole and 100mM imidazole under the same pH and salt
conditions as the binding buffer. Finally, the bound hPER2c was eluted with elution buffer (20mM
Tris pH7.5, 500mM NaCl, and 300mM imidazole). The elution peak was collected and run on a
10% SDS-PAGE for analyses. Bands on SDS-PAGE were cut and collected for mass-spectrometry
analyses at the Taplin Mass Spectrometry Facility at Harvard Medical School using LC/MS/MS
to verify the recombinant protein sequence.

5.3.4.2 Size Exclusion Chromatography
The purity and size of recombinant hPER2c were verified using SEC. The AKTA PURE
chromatography system is kept in the 4°C within a refrigerated cabinet. Prior to loading the
samples, the SEC (HiLoad 26/600 Superdex 200 pg, GE Healthcare, Cat. #28989336) was
equilibrated with buffer (20mM Tris-base, pH7.5, 50mM NaCl) and calibrated with selected
standards from SEC Markers Kit (Sigma Cat. # MWGF200-1KT) and a high molecular weight
(HMW) SEC calibration kit (GE Healthcare, Cat. # 28403841). The collected hPER2c samples
from affinity chromatography were then loaded to the SEC column. The eluted hPER2c fractions
were then collected for SDS-PAGE analysis. The pure hPER2c fractions for each peak were then
concentrated for DLS, CD and TEM analysis using Amicon concentrator with 3kD cutoff
(Millipore Cat. #UFC900324). In order to understand the role of reducing agents in hPER2c’s
stability and oligomerization, 20mM DTT was added to the concentrated hPER2c fractions.
Following the DTT treatment for 36hrs, the hPER2c samples were loaded to analytical SEC
(Superdex 200 Increase 10/300 GL, GE Healthcare, Cat. #28990944), which was calibrated with
selected standards from SEC Markers Kits as mentioned above and equilibrated with buffer with
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DTT (20mM Tris-base, pH7.5, 50mM NaCl, 20mM DTT). Samples without any DTT treatment
served as a control and were analyzed with the same SEC with DTT in the buffer.

5.3.5 Transmission Electron Microscopy Analysis
Elution fractions of the recombinant hPER2c were diluted to 0.05mg/ml using the same
buffer as in SEC prior to negative staining. For each diluted elution, 4µl of sample was added onto
an ultrathin carbon film on Lacey 400 mesh grid (Ted Pella Inc., cat #1824), which was glow
discharged using Emitech K950 carbon coater with K350 glow discharge unit for 1.5min with a
current of 15mA. The sample was incubated on the grid for 3min while the grid was rested about
2.5cm above ice. The excess sample was then blotted using filter paper and stained with 4%
Thulium Acetate (Sigma-Aldrich, cat # 367702) for 1.5 mins. The stained sample was then imaged
at 300 kV with a 120,000x nominal magnification (calibrated as 137,800x) on a JEOL JEM3200FS transmission electron microscope equipped with a field emission gun and an in-column
omega filter. The micrographs were recorded on a Gatan 4k x 4k UltraScan US4000 CCD camera
with defocus values at approximately 2µm. Such TEM analysis were also carried out on the sample
treated with DTT for 36hrs for the purpose of visualizing the effects of reducing environment on
the oligomerization of hPER2c.

5.3.6 Dynamic Light Scattering Analysis
To assess the hydrodynamic diameters of the purified hPER2c from SEC, the
corresponding DLS spectra were measured via a Zetasizer Nano S (Malvern) using a cuvette with
a 1cm path length at various temperatures ranging from 4°C to 85°C (Temperatures above 85°C
will lead to protein aggregation and good spectra couldn’t be obtained). Refractive index of the
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cuvette material was 1.59 while that of the dispersant was 1.33. The viscosity of the dispersant
was 1.57. For each measurement, the sample was incubated at the desired temperature for 3mins.
The DLS data were averaged from 11 iterations. All hPER2c samples were concentrated to
approximately 0.7mg/ml for thermal stability studies. To investigate the effect of salt on different
forms of hPER2c, the salt concentration was gradually increased while the size of the protein was
monitored by DLS. To examine the effect of Zn2+ on hPER2c folding, 10mM EDTA was added to
all three forms of hPER2c and incubated at room temperature for 12hrs and 36hrs, then their size
was measured by DLS and compared to the control without adding any EDTA. In addition to SEC
and TEM analyses mentioned above, the effects of reducing agent on the hPER2c were also
investigated by DLS at 12hrs and 36hrs while compared to the control without any DTT.

5.3.7 Circular Dichroism Analysis
Far-UV CD measurement of the recombinant hPER2c was conducted using a J-1500 CD
spectrophotometer (JASCO) connected to a Peltier temperature controller. Elution fractions of
recombinant hPER2c from SEC were concentrated to approximately 15μM in the same SEC buffer
(20mM Tris buffer, pH 7.5, 50mM NaCl). For each measurement, 400μl sample was added in a
0.1cm path length rectangular quartz cuvette (JASCO, cat#0556). The CD ellipticities (θobs) was
then measured from 190nm to 260nm with the scanning speed set as 200nm/min and data
integration time (D.I.T) set as 1sec. Buffer samples without protein were used as base-line
measurements. The final ellipticity spectrum was averaged from 5 baseline-corrected
measurements to improve signal to noise ratio. The ellipticities (θobs) measured by the CD
spectrophotometer was used to calculate mean residue ellipticity in the formula [θ] = θobs/cnl
where, c stands for the concentration of protein in moles, n for the number of residues and l for the

123

path length of the cuvette. Furthermore, thermal denaturation studies were carried out by heating
each sample from 5°C to 90°C with a 5°C intervals, and the ellipticities were measured using the
same parameter settings described above. At each temperature, the sample was equilibrated for 3
minutes prior to the CD measurements. The thermal unfolding profile of each sample was
characterized using the mean residue ellipticity minima at 208nm ([θ]208) to determine Tm values
by fitting the Boltzmann sigmoid equation to [θ]208 using Origin (Version 8, OriginLab
Corporation). The spectrum was further analyzed using BeStSel software to determine secondary
structure content (Micsonai, Wien et al. 2015, Micsonai, Wien et al. 2018). In addition to BeStSel,
DichroWeb, K2D3 web server and the JWMVS-529 CD Multivariate SSE program (JASCO) were
also used to validate the secondary structure content. The CD spectra for different oligomerization
forms of hPER2c were deposited into the Protein Circular Dichroism Data Bank at
(http://pcddb.cryst.bbk.ac.uk/) having accession ID from CD0006240000 to CD0006242000.

5.4 RESULTS AND DISCUSSION
5.4.1 Homology Modeling of hPER2c
Consistent with our sequence alignment, the template with the highest similarity to hPER2c
estimated by I-TASSER is mPER2c structure complexed with mCRY1 (PDB ID 4ct0) with
sequence coverage of 68%. I-TASSER server provided the five best homology models of hPER2c
with C-scores (confidence score) (Zhang 2008) of -2.33, -2.74, -2.36, -2.86 and -3.00, respectively
(Table 5.4.1). The C-score should between -5.0 to 2 with the higher the value, the higher
confidence of the model (Zhang 2008). Since hPER2c shares very high homology (approximate
69% amino acid sequence identity) to mPER2c (Figure 5.1.1B), it is not surprising that the Nterminal 83 residues (residue 1130 to 1212) of the top four homology models of hPER2c
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superposed with the solved mPER2c structures very well (Figure 5.1.1C, E-G) with Cα RMSD all
less than 1.0Å over 83 atom pairs to mPER2c atomic structure (PDB 4CT0) (Table 5.4.1). Model
5 from I-TASSER server has the worst C-score and was unable to be superposed to the mPER2c
well (the best RMSD of superposing was more than 15Å), thus, we will not discuss it further. The
I-TASSER server also provided the models of hPER2c for the C-terminal extra residues from 1213
to 1252 with some putative helical regions (Figure 5.1.1C, E-G). The major differences among the
best models from I-TASSER server exist in this region. However, since this part does not have Xray structures to serve as templates, the extra models of these C-terminal 40 residues are purely
speculative. Since the goal of our homology modeling is to predict the structure of hPER2c in
solution by itself in absence of hCRYs, multiple models of this extra part crashed with mCRY1 in
the complex structure (Figure 5.1.1C, E-G), indicating that in order to interact with CRY, this part
needs to be relocated. Among the top four models, Model 3 possesses the second highest C-score,
second lowest RMSD value when superposed with mPER2c structure, and lowest total number of
residues in disallowed and generously allowed regions of Ramachandran plot (Table 5.4.1). Model
3 is currently the best prediction of the hPER2c structure in our homology modeling (Figure
5.1.1C). Regardless, we still present all the other best models to show multiple possible structures
of the extra C-terminal part of the hPER2c (Figure 5.1.1E-G).
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Table 5.4.1 Validation statistics of homology models of hPER2c from I-TASSER server.
Model

1

2

3

4

5

C-scorea

-2.33

-2.74

-2.36

-2.86

-3.00

0.60 (81)

0.70 (82)

0.66 (80)

0.70 (81)

0.65 (16)

RMSD(Å)c

0.83

0.76

0.96

0.83

15.37

Helices percentage

41.1%

39.5%

45.2%

46.8%

41.1%

RMSD(Å) (Pruned atom
pairs)b

Residues in most
74(67.3%) 68(61.8%) 71(64.6%) 69(62.7%) 70(63.6%)
favored regions [A,B,L]†
Residues in additional
allowed regions

27(24.5%) 32(29.1%) 31(28.2%) 32(29.1%) 31(28.2%)

[a,b,l,p]†
Residues in generously
allowed regions

2(1.8%)

8(7.3%)

4(3.6%)

5(4.6%)

7(6.4%)

7(6.4%)

2(1.8%)

4(3.6%)

4(3.6%)

2(1.8%)

[~a,~b,~l,~p]†
Residues in disallowed
regions

†
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Sum of residue in
generously allowed and

9 (8.2%)

10(9.1%)

8(7.2%)

9(8.2%)

9(8.2%)

disallowed regions
a A confidence score for estimating the quality of predicted models provided by I-TASSER(Zhang
2008).
b RMSD calculated by Chimera(Pettersen, Goddard et al. 2004) match maker based on pruned
atom pairs through iterations when hPER2c models were superimposed to mPer2 (PDB 4TC0).
c RMSD calculated by Chimera match(Pettersen, Goddard et al. 2004) command based on all 83
atom pairs between hPER2c models and mPer2 (PDB 4TC0).
† Ramachandran plot statistics calculated by PROCHECK(Laskowski, Macarthur et al. 1993).

Our homology modeling study shows it is likely that hPER2c shares similar structures to
the N-terminal 83 amino acids as mPER2c. The structure prediction of the C-terminal 40
residues of hPER2c is difficult due to the lack of homology templates. However, multiple
modellings of this region consistently suggest possible helical components (Figure 5.1.1C, E-G,
and Table 5.4.1). In previous studies of mPER2c, the Zn2+ ion was found to play key roles at the
interface between mCRY1 and mPER2c (Schmalen, Reischl et al. 2014). It is chelated by three
Cysteine residues (two from mPER2c, one from mCRY1) and one Histidine residue (from
mCRY1) (Schmalen, Reischl et al. 2014) (Figure 5.1.1D). It is interesting to point out that this
Zn2+ ion is located at the hinge region between the first 83 residues and the far C-terminal 40
residues (Figure 5.1.1C, E-G), suggesting that it might have an influence on the conformation of
the last part of hPER2c that needs to be relocated when interacting with CRY.
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5.4.2 The Identification of hPER2c Oligomers
Recombinant hPER2c was purified to high purity by affinity chromatography and SEC
(Figure 5.4.1B) to exclude the influence of major contaminants to the DLS and CD data. Four
different forms of recombinant hPER2c were showed during SEC purification, whose
hydrodynamic radii were then measured by DLS. Based on the molecular weight estimation by
calibration (Figure 5.4.1A), these four forms (Figure 5.4.1B) are named as aggregate form, 40mer,
20mer, and dimer, respectively. The exact oligomeric numbers for the 40mer and 20mer were
roughly estimate and might not be precise. The DLS spectrum of hPER2c for all four forms are
shown in Figure 5.4.1C and their measured sizes are presented in Table 5.4.2. The polydispersity
index is widely used in analyzing DLS data (Stetefeld, McKenna et al. 2016). It is rarely smaller
than 0.05 but any value above 0.7 indicates a broad size distribution and is not suitable for DLS
analyses(Stetefeld, McKenna et al. 2016). A PDI of 0.3 or less indicates a homogenous population
of the sample whereas a PDI value range from 0.3 to 0.7 will suggest a polydisperse distribution
of the sample (Danaei, Dehghankhold et al. 2018). In our measurements, this index for 40mer and
20mer are ranged between 0.166 and 0.265 representing a monodisperse sample (Stetefeld,
McKenna et al. 2016) (Table 5.4.2). The PDI index of the hPER2c dimer is 0.401, and two size
distributions (at 7.5nm and 105.7nm) are clearly visualized in its spectra, suggesting that the
hPER2c dimer sample is polydisperse (Figure 5.4.1B) even eluted in a single peak from SEC
purification. The longest distance between two atoms in mPER2c measured based on the
mPER2c/mCRY1 complex (PDB 4CT0) is approximately 5.7nm, hence, the signal that appeared
at approximately 7.5nm is likely to be the dimerized hPER2c. The DLS measurement was
performed as soon as the sample was eluted from SEC, which should have separated any bigger
complexes from hPER2c dimer. However, the 105.7nm signal persisted in all our duplicates as
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well as the protein was concentrated. It is noteworthy that the radio between the size of 105.7nm
peak and that of the 7.5nm peak remained similar in all the samples (Figure 5.4.2B). Similar
additional peaks have not been observed in other forms of hPER2c (Figure 5.4.1C and Figure
5.4.2A). The Y-intercept value is another commonly used parameter to assess the signal-to-noise
ratio of DLS. A Y-intercept value above 0.6 is acceptable and a value above 0.9 indicates the best
quality of data acquisition as suggested by the instrument manufactory white paper (Malvern
Instruments Worldwide). Y-intercept values at all forms were higher than 0.6 again indicating
good quality of the DLS data.
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Figure 5.4.1 Purification of hPER2c by SEC and DLS/CD profile of all four forms of hPER2c. (A)
Chromatogram of molecular standards: thyroglobulin 669kDa (blue), ferritin 440kDa (red),
aldolase 158kDa (green), conalbumin 75kDa (cyan), ovalbumin 44kDa (orange), and carbonic
anhydrase 29kDa (yellow). (B) Chromatogram of hPER2c purification showing four different
peaks at 778kDa, 533kDa, 327kDa, and 27kDa. Based on calibration in (A), these four peaks were
named as aggregated form, 40mer, 20mer, and dimer as described in main text and used in the
following panels. Coomassie blue stained 10% SDS-PAGE gel of purified recombinant hPER2c
for each form were show on the side. Most of them except the aggregated form showing a single
band. (C) DLS spectra of peak fraction from SEC in (B). The peaks for aggregated form, 40mer,
20mer, and dimer are labeled with their corresponding measured hydrodynamic radius. (D) CD
spectra of peak fraction from SEC in (B). In both panel (C) and (D), the DLS and CD Spectra of
aggregated, 40mer, 20mer, and dimer forms of recombinant hPER2c were colored in yellow,
green, blue, and red, respectively.
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Table 5.4.2 The DLS measurement profiles of all four forms of hPER2c resulted from SEC
purification.
Dimer
20mer
40mer
Aggregated
form
Z-average(d.nm)

8.927

15.660

22.617

43.670

Peak location (d.nm)

7.531a

15.690

24.360

43.820

105.700b
PDI

0.401

0.265

0.166

0.206

Intercept

0.630

0.799

0.901

0.914

a Location of the peak corresponding to the putative dimer;
b Location of the peak corresponding to the unknow complex persisting in the dimer sample;

Figure 5.4.2 The effect of protein concentration on hPER2c stability and polymerization. (A) DLS
profile of hPER2c 20mer measured as the protein was being concentrated. (B) DLS profile of
hPER2c dimer measured as the protein was being concentrated.
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5.4.3 The TEM analyses of the hPER2c Oligomers
The size of all four forms of hPER2c was further confirmed by TEM (Figure 5.4.3). The
hPER2c 40mer and 20mer are homogeneous in size and have globular shape. Furthermore, the
measured size of hPER2c aggregated form, 40mer, and 20mer showed consistency with the DLS
measurements. Although based on the PDI and Y-intercept values, the aggregated form of hPER2c
is also monodisperse, the width of the aggregated form on the logarithm presented DLS plot is
much wider than those of the 40mer and 20mer. This indicates that the aggregated form of hPER2c
has a much wider size distribution. It is consistent to TEM observations of the aggregated sample
that has heterogeneous blobs with various size and shape. Therefore, the aggregated form will not
be further discussed. The hPER2c dimer is hardly visible as the molecular weight of 29kDa is too
small to be visible using current TEM techniques.
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Figure 5.4.3 Negatively stained TEM images of all four forms of hPER2c. (A) dimer; (B) 20mer;
(C) 40mer; and (D) aggregation. Scale bar is 50nm in all four panels.

5.4.4 The Secondary Structures of the hPER2c Oligomers
The CD spectra of all four hPER2c forms were analyzed by BeStSel in order to determine
their secondary structure compositions (Table 5.4.3). The normalized root mean square deviation
(NRMSD) values were widely used in the field to access CD data quality (Stetefeld, McKenna et
al. 2016). NRMSD measures how well the CD data (over the entire wavelength range of the
measurement) match the theoretical CD spectra calculated from the derived secondary structure
composition quality (Stetefeld, McKenna et al. 2016). Ideally, NRMSD should be lower than 0.05,
and practically, it should be less than 0.1. All the NRMSD values of the three forms of hPER2c in
our measurements are lower than 0.05, indicating very good fits (Stetefeld, McKenna et al. 2016).

133

Table 5.4.3 The secondary structure compositions of all three hPER2c forms estimated
from their CD spectrum by BeStSel, in comparison to previous measurement and crystal
structures.
Regular

Antiparallel
Parallel

Helix(%)

Sheet(%)

PER2c type

UnTurns

Sheet

ordered

RMSD

NRMSD

42.8

0.0933

0.01408

15.5

45.4

0.0286

0.01116

7.6

13.4

46.6

0.0258

0.00647

10(11)

\

25

38

0.1

0.032

32.1

6

\

6.7

55.2

\

\

29.8

0

\

5.8

64.4

\

\

42.7

0

\

20.2

37.1

\

\

(distorted

(distorted

(%)

Helix)

sheet)

Dimer

7.8(3.5)

0(30.9)

0

15

20mer

8.8(5.5)

3.3(21.5)

0

40mer

9.3(7.9)

0(15.3)

3(12)

(%)

(%)

mPER2c (11321252)a CD
analyses at 4°C
mPER2C
(1132-1252) in
PDB 4TC0b
mPER2C
(1095-1215) in
PDB 4U8Hb
hPER2C (11321252) in
modeled
structureb

a CD spectra interpretation done previously by Schmalen I. el al. while mPER2c is binding to
mCRY1/2 (Schmalen, Reischl et al. 2014).
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b Secondary structure determination from 3D coordinates by WHAT IF program (Vriend 1990)
using the DSSP algorithm (Kabsch and Sander 1983), assuming no additional secondary structures
in the regions between residue 1095 and 1130 (4U8H) and between residues 1215 to 1252(4CT0).

Previous studies speculate that the mPER2c domain gains secondary structure upon
interacting with mCRY1 (Schmalen, Reischl et al. 2014). The CD data of mPER2c at 4°C was
interpreted to have 3% regular helices with 12% distorted helices, 10% regular sheets with 11%
distorted sheets, 25% turns, and 38% unordered (Schmalen, Reischl et al. 2014) (Table 5.4.3). Our
hPER2c CD spectra at 4°C showed more regular helices in all three forms of hPER2c (7.8% for
dimer, 8.85% for 20mer and 9.3% for 40mer), whereas the distorted helices of hPER2c dimer,
20mer and 40mer are 3.5%, 5.5%, and 7.9%, respectfully. No or very few regular sheets (0% for
dimer and 40mer, 3.3% for 20mer) are detected. However, 30.9%, 21.5%, and 15.3% of distorted
sheets were found in hPER2c dimer, 20mer, and 40mer, respectively. It is noteworthy that the
percentage of both regular and distorted helices increase as the degree of oligomerization
increases. On the contrary, the distorted sheets decreases as the degree of oligomerization increases
(Table 5.4.3). Secondary structure estimation done by DichroWeb, K2D3, and Jasco mSSE
programs also show similar trend (Table 5.4.4).

135

Table 5.4.4 The secondary structure compositions of all three hPER2c forms estimated from
their CD spectrum by three additional software.
Software

Dimer
20mer
40mer
Software

Dichroweb
Helix1
(%)

Helix2
(%)

Strand1
(%)

3.53
2.93
7.67

6.47
3.73
8.47

16.6
32.27
13.93

Strand2
(%)

Turns
(%)

9.6
20.3
12.8
13.1
10.7
14.8
Jasco mSSE

Others
(%)

NRMSD

40.2
33.1
25.7

0.09
0.3
0.14

Hellx(%)

Sheet(%)

Turns (%)

Others(%)

NRMSD

Dimer

7.8

32

14.6

45.6

/

20mer

11.6

36.8

16.5

35.1

/

40mer

17.5

30.7

15.9

35.9

/

Software

K2D3
Hellx(%)

Sheet(%)

Turn(%)

Others(%)

NRMSD

Dimer

51.69

4.28

/

95.7

/

20mer

66.85

0.51

/

99.5

/

40mer

76.84

0.15

/

99.9

/

Our hPER2c CD spectra analyzed by multiple secondary structure estimation software
consistently show that all three forms of hPER2c contain more regular helices and distorted sheets,
but less distorted helices and no or very few regular sheets, when compared to mPER2c ( Table
5.4.3 and Table 5.4.4). As the degree of oligomerization increases, the percentage of both regular
and distorted helices increase, whereas the distorted sheets decrease. These results suggesting that
the oligomerization of hPER2c can result in more helical structures. The α-helical percentage in
the crystal or homology modeled structures are 35% and the β-sheet percentages in those structures
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are close to zero (Table 5.4.3) indicating the CD estimation has large errors compared to the real
structure. Our secondary structure prediction from the CD data is closer to those calculated from
the crystal or modeled structures (Table 5.4.3) that do not contain β-sheet. Nevertheless, CD can
measure the dynamic structural changes among different oligomers as well as their stability against
temperature in real time with a small quantity of sample. This ability provides rich information
about the secondary structural stability of hPER2c, which is different to that of mouse orthologs.

5.4.5 The Thermal Stability of hPER2c Oligomers
The thermal stability of hPER2c dimer, 20mer, and 40mer were analyzed by DLS (Figure
5.4.4). The hydrodynamic diameters of all three forms of hPER2c corresponding to the increasing
temperature are shown in Figure 5.4.4 and Table 5.4.5. As the temperature increased, the
hydrodynamic radiuses of all three forms of the hPER2c increased. Significant size changes were
observed for hPER2c 40mer when the temperature reached 60°C, where its hydrodynamic radius
increased from 42.1nm to 52.3nm (Figure 5.4.4A). As for hPER2c 20mer, the hydrodynamic
radius increased (from 19.7nm at 4°C) to 30.6nm at 55°C (Figure 5.4.4B). The most dynamic
changes were observed with hPER2c dimer, the 105.7nm peak at 4°C shifted to 50.7nm at 45°C.
In the meantime, the intensity of the 7.5nm peak reduced by approximately 44% at 50°C. At the
same temperature, the intensity of the large diameter peak increased to the same level as the 7.5nm
peak. At 70°C, the intensity of the 7.5nm peak diminished, while the remaining single peak
continued to increase its diameter as the temperature raised (Figure 5.4.4C and Table 5.4.5).
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Figure 5.4.4 DLS thermal stability profiles of hPER2c 40mer (A), 20mer (B), and dimer (C) at
gradually increased temperature in 5°C intervals. The DLS spectra were colored from purple to
brown with increasing temperatures as indicated by the legend on the right. The peaks
corresponding to the hPER2c 40mer, 20mer, dimer and the unknown complex at low temperatures
are indicated with black arrows. The signal of significant size changes in all three samples were
also indicated with their corresponding size.
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Figure 5.4.5 The Z-average comparison of the hPER2c 40mer, 20mer, and dimer at various
temperature.
Table 5.4.5 DLS data of hPER2c 40mer, 20mer, and dimer at temperature from 4°C to 85°C
Dimer
20mer
40mer
Temp Z-

Z-

eratur average
e(°C)

(d.nm)

PDI

Z-

Y-

average

intercept

(d.nm)

PDI

Y-

average

intercept

(d.nm)

YPDI

intercept

4

13.74

0.57

0.79

19.67

0.24

0.91

28.56

0.26

0.92

10

11.35

0.42

0.77

21.87

0.25

0.92

31.23

0.25

0.92

15

11.19

0.40

0.79

21.32

0.26

0.91

30.89

0.25

0.92

20

14.56

0.53

0.79

21.36

0.25

0.91

31.00

0.25

0.92

25

13.12

0.47

0.79

21.35

0.27

0.91

30.50

0.24

0.92

30

11.39

0.37

0.73

21.90

0.30

0.91

30.77

0.25

0.92

35

12.62

0.39

0.74

21.55

0.27

0.91

31.18

0.24

0.92

40

13.84

0.41

0.76

22.27

0.26

0.91

32.09

0.24

0.92

45

20.56

0.30

0.75

23.10

0.25

0.91

34.24

0.25

0.91

50

21.26

0.38

0.79

26.87

0.31

0.91

37.25

0.24

0.91
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55

28.01

0.49

0.81

30.64

0.27

0.91

42.07

0.20

0.90

60

30.64

0.39

0.84

35.60

0.26

0.91

52.32

0.18

0.93

65

44.38

0.29

0.88

48.51

0.23

0.92

64.22

0.17

0.92

70

64.15

0.22

0.89

63.21

0.19

0.94

80.35

0.13

0.90

75

97.06

0.17

0.91

86.81

0.15

0.92

108.07

0.12

0.93

80

184.77

0.08

0.91

125.13

0.14

0.94

154.87

0.14

0.92

85

877.63

0.35

0.91

198.23

0.16

0.93

288.33

0.28

0.92

In addition, we also analyzed the CD spectra of all three forms of hPER2c at various
temperatures ranging from 5°C to 90°C with 5°C intervals (Figure 5.4.6A-C). The ellipticity at
208nm ([θ]208) for all three forms of hPER2c were plotted against temperature and fitted with the
Boltzmann sigmoid equation using Origin (Figure 5.4.6D-F) for determining their melting
temperature Tm. The Tm temperature of hPER2c 40mer was estimated to be 81.3°C with a standard
error of 0.93°C, indicating the high stability of 40mer (Figure 5.4.6A and D). The [θ]208 of hPER2c
20mer clearly show a transition state that appears at the temperature ranging from 35°C to 75°C.
Fitting the ellipticity values of hPER2c 20mer from the native state to the transition state resulted
the first Tm of 27.6°C (standard error 1.15°C), suggesting that the 20mer is likely to convert into
the metastable transition state under physiological temperature. Fitting of ellipticity values of
hPER2c from this transition state to a completely unfolded state resulted a second Tm of 87.3°C
(standard error 2.20°C), indicating that the high stability of the transition state far beyond
physiological temperature (Figure 5.4.6B and E). Surprisingly, there are minimal ellipticity
changes in hPER2c dimer even at high temperatures like 90°C (Figure 5.4.6C and F). CD
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measurement in water-based solution is limited to 90°C as the temperature is approaching to the
boiling point of water. As a result, the Tm temperature of hPER2c dimer couldn’t be accurately
determined. This result indicated that the secondary structure of hPER2c dimer is highly stable
with a Tm temperature beyond 90°C.

Figure 5.4.6 Far UV CD thermal unfolding profiles of hPER2c 40mer (A and D), 20mer (B and
E), and dimer (C and F). Panel A, B, and C are the CD spectra at different temperatures ranging
from 4°C (purple) to 90°C (red) for hPER2c 40mer, 20mer, and dimer, respectfully. The legend
on the right shows the line colors and their corresponding temperatures. Panel D, E, and F are the
values of mean residue ellipticity at 208nm ([θ]208) for hPER2c 40mer, 20mer, and dimer,
respectfully, plotted against temperatures in orange dots. A curve (black solid line) has been fitted
to [θ]208 to determine the Tm of the hPER2c 40mer, 20mer, and dimer, respectfully.

These results show that the hPER2c 40mer has a higher stability than 20mer. Our study
here reveals that, under physiological temperature, hPER2c 20mer is likely to adapt to a metastable
state (Figure 5.4.6E). Importantly, the secondary structure of hPER2c dimer are the most stable
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among all the three as no significant changes were observed at temperature as high as 90°C (Figure
5.4.6C and F).
As discussed in the section above, both hPER2c 40mer and 20mer contained more helices
and less strands when compared to the dimeric hPER2c (Table 5.4.3 and Table 5.4.4). Overall,
hPER2c 40mer has higher percentage of helices and better stability than 20mer. We speculate these
two oligomer forms were stably formed with helical coil-coiled structures. Wheel plot analysis of
the longest helix in hPER2c modeled structure (residue 1158 to 1175) showed a unique
amphipathic property (Figure 5.4.7) with one side very hydrophobic and the other side with
alternating positively and negatively charged residues. This characteristic property can facilitate a
large bundling of helices via hydrophobic and charge-charge interactions. Furthermore, these
oligomer forms were not affected by DTT treatments meaning that disulfide bonds do not play
roles in their formations. Instead, the disulfide bond formation might keep hPER2c in dimeric form
as discussed below in section 5.4.6.
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Figure 5.4.7 The Alpha helix wheel plot of the longest helix in hPER2c model structure. Aliphatic
residues are marked with blue squares; Hydrophilic residues are marked with red diamonds;
Positively charged residues with black octagons. This wheel map is generated by EMBOSS
pepwheel (Rice, Longden et al. 2000).

5.4.6 The Effects of Salt Concentration

In order to understand the effects of salt concentration, reducing reagent, and divalent ions
on the formation of hPER2c oligomerization, a series of studies were carried out using DLS, CD
and TEM. The hydrodynamic radius of hPER2c 20mer and dimer were monitored as the NaCl
concentration was gradually increased from 50mM to 500mM (Figure 5.4.8), no significant size
changes were observed in both hPER2c 20mer and dimer.
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Figure 5.4.8 The effect of the salt on the stability and polymerization of hPER2c 20mer (A) and
dimer (B). The concentrations of the salt are indicated as shown in the legends of both panels.

5.4.7 The Effects of Divalent Metal Ion

As Zn2+ was suggested to play roles in mPER2c and mCRYs interaction(Nangle,
Rosensweig et al. 2014, Schmalen, Reischl et al. 2014), it is of interest to investigate whether
hPER2c acquires Zn2+ for its polymerization. Incubation of hPER2c 40mer, 20mer, and dimer in
10mM EDTA up to 36hrs, which should remove most bound Zn2+(Mayaux, Kalogerakos et al.
1982), did not lead to any significant size change when monitored by DLS (Figure 5.4.9 and Figure
5.4.10A).
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Figure 5.4.9 The effect of the DTT and EDTA on the polymerization of hPER2c 40mer (A and B),
20mer(C and D) and dimer (E and F). In each panel, the spectra for control sample and treated
samples are colored as indicated in the legend on the top right conners.

5.4.8 The Effects of Reducing Reagent
To investigate if disulfide bonds play roles in hPER2c’s stability and oligomerization, all
three forms of hPER2c were incubated in 20mM DTT for up to 36hrs, which was previously shown
to be sufficient in reducing the disulfide bonds present in protein complexes (Schmalen, Reischl
et al. 2014). Surprisingly, while the DTT treatment has no significant effects on hPER2c 40mer
and 20mer, the hPER2c dimer was shown to have very interesting response to the presence of DTT
(Figure 5.4.10).
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Figure 5.4.10 The effect of the DTT and EDTA on the oligomerization of hPER2c dimer. (A) The
hydrodynamic size of hPER2c dimer monitored by DLS after incubation with DTT and EDTA for
12hrs and 36hrs. The peak for the dimer was labeled while the other additional peaks are labeled
by their hydrodynamic diameters; (B) SEC chromatograms of DTT-treated hPER2c dimer (red
line) and untreated one (blue line). The peaks of the dimer are labeled while the additional four
peaks in the treated sample are labeled with their calibrated molecular weights; (C) The TEM
image of DTT-treated hPER2c dimer. Molecules that resemble the hPER2c aggregation, 40mer,
and 20mer were indicated using red, blue, and green arrows, respectfully.

After incubating with 20mM DTT for 12 hours,

the intensity of the 7.5nm peak

significantly reduced and the 105.7nm peak diminished, while a strong signal appeared with
hydrodynamic diameter the 37.8nm (Figure 5.4.10A). As the incubation time increased to 36hrs,
the strong signal has shifted to 58.8nm, closed to the size of aggregation hPER2c. Note that the
PDI for these measurements are all above 0.3, suggesting that the samples are still polydisperse,
which indicates the presence of different forms of hPER2c. In order to get a more accurate
measurement on the size distributions of the samples, the hPER2c dimer after DTT treatment for
36hrs were loaded to the analytical SEC (Figure 5.4.10B). Five elutions with distinct sizes were
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observed, whose calibrated sizes matches that of aggregated form (656kDa), 40mer (466kDa),
hexamer (90kDa), tetramer/trimer (48kDa), and dimer, indicating hPER2c dimer become
heterogenous in size after the DTT treatment (Figure 5.4.10B). The signal of the second elution
corresponding to 40mer decayed slowly, indicating the presence of a smaller complex whose size
might match with that of 20mer as shown in Figure 5.4.3. The presence of various sizes of
molecules was further verified through TEM imaging, where complexes that resemble the hPER2c
aggregated form, 40mer, and 20mer were observed (Figure 5.4.10C).
The level of aggregation increased as the DTT incubation time increased (Figure 5.4.10A).
We suggest that the disulfide bonds are involved in stabilizing the hPER2c dimer and prevent it to
form stable oligomers. Disruption of these disulfide bonds allow the oligomerization of hPER2c.
The expression of recombinant hPER2c occurred inside the cytoplasm of E.coli, where a reducing
environment prevents the formation of the disulfide bonds. We speculated that the dimeric hPER2c
could be an artificial product introduced during harvesting/purification process in vitro, where the
reducing potential wasn’t sufficient to prevent the formation of the disulfide bonds. The dimer of
hPER2c with disulfide bonds should not exist in an eukaryotic cytosol which also has a reducing
environment. Based on these observations, without the disulfide bonds, the hPER2c will form large
oligomers. This is consistent to that the hPER2c 40mer and 20mer are produced in the high
concentration in our expression system.

5.5 CONCLUSION
Using multiple analytical techniques including SEC, DLS, and TEM, three different and
stable forms of recombinant hPER2c were observed with molecular weights close to 40mer,
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20mer, and dimer. These different forms of hPER2c were then further characterized in terms of
thermal stability and secondary structure composition using DLS and CD. It has been speculated
that mammalian PER2 could form a homodimer with the rich coil-coil structure near the Cterminal domain (Albrecht, Bordon et al. 2007). In our study, the dimerized hPER2c was not only
successfully purified, but also characterized through a series of thermal stability analysis
techniques.
It is noteworthy that the oligomerization of hPER2c only results in two different oligomeric
forms with distinct molecular weights close to 40mer and 20mer instead of a continuous size
distribution. In a recent study on the assembly products of the core circadian clock proteins in
mouse liver cell (Aryal, Kwak et al. 2017), large circadian rhythm core protein complexes were
identified. The study also emphasized the central role of hPER2 in forming these circadian protein
complexes. Based on our characterization, hPER2c tends to form large oligomers in reducing
environments such as inside cytosol. Therefore, the hPER2c part can be the core for forming large
circadian complexes. While the mechanism of hPER2c oligomerization resulting the 40mer and
20mer are still unknown, it is tempting to speculate that such oligomerization behavior represents
the ability of hPER2c in modulating the assembly of large circadian protein complex.
In conclusion, we identified and characterized three different forms of recombinant
hPER2c, 40mer, 20mer, and dimer. Our study provides experimental evidences to clarify the
long-standing speculation about whether or not hPER2c indeed requires hCRYs to facilitate
folding into a stable structure. Unlike the structure of mPER2c published before, our data clearly
shows that hPER2c has very stable secondary structure and does not need to interact with other
protein to fold. Despite the high homology between hPER2c and mPER2c, our results indicate
significant differences in their thermal stabilities. The ability of hPER2c to form oligomers
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reflects its potentials in assembly circadian protein complexes. The molecular mechanism of
forming distinct oligomers with discrete sizes is unknown.

5.6 FUTURE DIRECTION
Following our work here, two different approaches can be utilized in order to obtained
the high resolution structure of the hPER2c: 1) Single particle reconstruction of the hPER2c
20mer and 40mer as our analyses has shown that they are both in homogeneous globular shape;
2) X-ray crystallography of hPER2c at the presence of any reducing agents to capture the
structure of hPER2c dimer. High resolution structures of hPER2c will deepen our knowledge in
the mechanisms of hPER2c oligomerization and its roles in the circadian rhythm.

149

CHAPTER 6: Structural Characterization of SUMOylation Inhibitor: the Protein GAM1
6.1 INTRODUCTION ON GAM1
6.1.1 Chicken Embryo Lethal Orphan (CELO) Virus
Adenoviruses are medium-sized non-enveloped icosahedral viruses with a dsDNA
genome. Depending on the infecting serotypes, they can cause mild illness of the respiratory
system or life-threatening multi-organ disease in humans or animals. The adenovirus family is
divided by host ranges into two main families: 1) Mastadenoviridae, containing members that
infect mammals; and 2) Aviadenoviridae containing members that infect avian species (Chiocca,
Baker et al. 1997). Chicken embryo lethal orphan (CELO) virus was first found as an adventitious
contaminant of embryonated eggs and was identified as an infectious agent in 1957. CELO virus
is now classified as an avian adenovirus, a member of the Aviadenoviridae. CELO virus was found
to be tumorigenic in baby hamsters and to be related to several human health consequences, such
as respiratory infection (Chiocca, Baker et al. 1997).
Apoptosis is a process of programmed cell death that occurs in multicellular organisms
which confers many advantages during an organism life cycle. When multicellular organisms are
under attack by a virus, a common response is to induce apoptosis of the infected cells before the
virus can replicate and infect neighboring cells. However, many viruses possess genes that block
the apoptotic response sufficiently to allow virus replication. Among the adenovirus family, E1B
19K and E1B 55K proteins are the two common factors that block the cellular apoptosis and force
host cells to survive long enough to allow completion of viral replication. Pathology studies of the
CELO virus have shown that it possesses functional homologs to the E1A and E1B proteins.
However, the genome sequence report by the Susanna Chiocca group in 1996 showed that the
CELO virus genome lacks any E1B regions (Chiocca, Baker et al. 1997). This striking feature of

150

CELO virus drew more attention from scientists and consequently led to the identification of a
novel antiapoptotic protein, as Gallus-anti-morte-1 (GAM1) (Chiocca, Baker et al. 1997).

6.1.2 The Identification of GAM1
In 1996, the Matt Cotton group reported the complete sequence of the CELO virus, and
their analysis shows that there were no DNA regions that had sequence homology to the E1B 19k
or E1B 55K sequence (Chiocca, Kurzbauer et al. 1996). However, CELO virus is capable of
inducing tumors in hamsters (Jones, Asch et al. 1970, Mancini, Yates et al. 1970), meaning that
this virus does possesses proteins that have functional homology to E1B proteins. Therefore, the
same group performed an intensive screening followed by mutation analysis to identify genes that
mimics the adenoviral protein E1B 19K’s functions (Chiocca, Baker et al. 1997), and named the
protein as GAM1. In order to examine the requirement for GAM1 in CELO replication, the same
research group conducted an experiment where the GAM1-negative CELO virus fail to replicate
in Hela cells, demonstrating that GAM1 is required for viral replication (Chiocca, Kurtev et al.
2002).

6.1.3 GAM1 and Heat Shock Proteins
Although GAM1 had similar function to that of E1B proteins, they have distinct amino
acid sequences and cellular localization patterns. While E1B 19K was found in both nuclear and
cytoplasmic compartments after viral infection, GAM1 was found to accumulate in the nucleus,
suggesting that GAM1 might influence expression of genes that product protein to modulate the
apoptosis process (Glotzer, Saltik et al. 2000). Among this genes, heat shock proteins (HSPs) have
been found to be downregulated for enhancing cell survival when under stressful condition,
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therefore, in 2000, they conducted experiment to examine the effect of GAM1 on heat shock
protein expression (Glotzer, Saltik et al. 2000). The results demonstrated that the CELO GAM1
protein increases expression of HSPs including the hsp70 and hsp40, and relocates them to the
nucleus. Moreover, the requirement for GAM1 in viral replication can be partially met either by
heat shock or by overexpression of hsp40, proving that the induction of a heat-shock response is
an essential viral function for enhancing viral replication and that GAM1 protein can influence
gene transcription in infected cells (Glotzer, Saltik et al. 2000).

6.1.4 GAM1 and SUMOylation
PML NBs regulate the PTMs of a wide variety of proteins. In 2001, PML was shown to
repress transcription by functionally and physically interacting with HDACs (Wu, Vallian et al.
2001). With the interaction between GAM1 and HDACs being revealed, the Matt Cotton group
then investigated the relationship between GAM1 and PML NBs dispersion upon viral infection.
In their anti-PML immunoprecipitation assay with GAM1 transfected WI38 human fibroblasts
cells, massive loss of both unmodified and the higher-molecular-weight PML species was
observed when GAM1 was expressed. No significant changes in PML expression was shown in
the uninfected cells or cells infected with GAM1-mutated virus. Their experiment also revealed
that both PML NBs and SUMO-1 diffused into the cytoplasm in the presence of GAM1, suggesting
that GAM1 might disperse PML NBs through SUMOylation pathway (Boggio, Colombo et al.
2004).
SUMOylation, is a reversible PTM that is catalyzed by a three step enzymatic reactions.
SUMOylation involves the dimeric SUMO-activating enzyme E1(SAE1/SAE2), the SUMOconjugating enzyme E2 (also called ubiquitin carrier protein 9, UBC9), the SUMO ligases E3s,
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and the SUMO proteases (Figure 6.1.1) (Mattoscio and Chiocca 2015). At the beginning of the
SUMO cycle, the SUMO precursor is processed by a SUMO specific protease to expose the Cterminal diglycine, which can then be activated by the E1 enzyme (SAE1/SAE2 in humans and
Aos1p/ Uba2p in yeast) by forming a thioester bond with the catalytic cysteine of SAE2. This step
is then followed by trans-esterification where the activated SUMO protein is transferred onto the
E2 SUMO conjugating enzyme (Ubc9) through the formation of another thioester bond. In the
last step, with the help of an E3 ligase, the SUMO is ligated to the substrate through a isopeptide
bond. SUMO can be deconjugated from the target protein by SUMO proteases and the SUMO
cycle is then reset (Figure 6.1.1) (Boggio, Colombo et al. 2004, Hay 2005).

Figure 6.1.1 The SUMOylation Cycle. To begin the SUMOylation cycle, the SUMO precursor is
processed by a SUMO protease, which is then activated by the E1 enzyme resulting esults in a
thioester bond between the C-terminal Gly residue and the catalytic Cys residue in E1. The
activated SUMO protein is transferred onto the catalytic Cys residue of E2 SUMO conjugating
enzyme through trans-esterification. Furthermore, the SUMO is ligated to the substrate with the
help of an E3 ligase, forming an isopeptide bond between the C-terminal Gly residue of SUMO
and a Lys residue in the substrate. The SUMO can be deconjugated from the target protein by
SUMO proteases and enter a new SUMOylation cycle.
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In 2002, further investigation from the Matt Cotton group shows that GAM1 can delocalize
SUMO-1 in both the presence and the absence of PML, suggesting that GAM1 could affect other
SUMOylated targets besides PML by influencing the SUMOylation pathway (Colombo, Boggio
et al. 2002). A reduction in total SUMOylation level was observed in GAM1 transfected HeLa
cells, suggesting that GAM1’s inhibition on SUMOylation is global. For example, the HDAC1 is
a substrate for SUMO-1 modification and the presence of GAM1 diminished the SUMO-1
modified HDAC1. It is still not clear if the GAM1’s inhibition on HDAC1 SUMOylation is linked
to the inactivation of HDAC1, but GAM1 was shown to has the potential to simultaneously target
two signaling pathways: SUMOylation and acetylation (Colombo, Boggio et al. 2002).
In 2004, Susanna Chiocca, one of the former group members from the Matt Cotton group,
following their previous research, conducted a series of the protein-protein interaction assay both
in vivo and in vitro. They reported that GAM1 can block the formation of E1-SUMO thioester
complex and inhibit in vitro SUMOylation in a dose-dependent manner. In vivo, the expression
of GAM1 leads to the disappearance of SAE1/SAE2 and UBC9, allowing free SUMO to diffuse
into the cytoplasm and hence, causing a complete block of the SUMOylation pathway (Boggio,
Colombo et al. 2004). GAM1’s mechanism to counteract the SUMOylation pathway allows CELO
viruses to target host transcriptional machinery to ensure their viral replication (Boggio, Colombo
et al. 2004).

6.1.5 GAM1 and Ubiquitination
The ubiquitination pathway involves three steps of enzymatic reactions, and E3 ligases
perform the rate-limiting selectivity step of direct substrate recognition. In the ubiquitination
pathway, Ubiquitin E3 ligases are also the most numerous and diverse enzyme, which can be
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subdivided into four general protein families based on their structural features and their
characteristic motifs. Among them, the cullin RING ligases (CRLs) are the largest family of E3
ubiquitin ligases that promote the ubiquitination of about 20% of cellular proteins marked for
degradation. In general, CRLs are assembled in a similar core architecture as the diagram shown
below (Figure 6.1.2). A cullin protein, acting as a molecular scaffold, binds to the regulator of
cullins-1 (ROC1) protein at its C-terminus, and binds to an adaptor protein and a substrate receptor
protein at the N-terminus (Zhao and Sun 2013). The ROC1 protein functions as a docking site for
ubiquitin-conjugating enzymes (E2s) and promote the direct transfer of ubiquitin from the
ubiquitin-E2 complex to the substrate. The adaptor proteins allow recruitment of the substratereceptors that recognize and bind to a substrate protein. Therefore, through these interactions, a
substrate protein is brought to the N-terminal of cullin scaffold while the ubiquitin-E2 complex is
brought to the C-terminal, allowing the transformation of ubiquitin from E2 enzyme to substrate
and targeting the substrate for degradation.
Elongin B/ Elongin C (EloB/C) is a heterodimeric adaptor protein that is commonly
associated with Cullin-2 (Cul2) and Cullin-5 (Cul5). EloB/C allows for specific recruitment of the
substrate-receptors that have a conserved C-terminal sequence known as the SOCS box. The SOCS
box is originally identified in members of the suppressors of cytokine signaling (SOCS) family of
proteins. In SOCS box, three alpha-helices pack as a "folded-leaf" cluster which serve as the
interface for EloB/C binding. The BC-box is a sub-domain that facilitates binding to the EloB/C.
Interestingly, the bioinformatic analysis done by the Susanna Chiocca’s group shown that GAM1
process a SOCS motif in its C-terminal (Blanchette, Cheng et al. 2004). They then conducted a
series of experiments to determine whether GAM1 can interact with EloB/C and EloB/C-based
CRLs complexes. In 2007, they reported that GAM1 interacted directly with EloC through its
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SOCS domain (Boggio, Passafaro et al. 2007). EloB is recruited to GAM1 only in the presence of
EloC. In vivo, GAM1 bound strongly to EloB/C, and the ROC1 protein. GAM1 was able to bind
Cul2 and Cul5 individually. These interactions show that GAM1 can, acting as a substrate receptor
with its SOCS domain, form new CRLs complexes with Cul2 or Cul5. Following this result, their
immunoprecipitation assay and gel filtration assay shown that GAM1 can bind directly to
SAE1/SAE2 and recruit it to the Cul2/5-EloB/C complexes. In contrast, the SOCS domain mutated
GAM1 failed to form these CRLs complexes and wasn’t able to induce SAE1/SAE2 degradation,
suggesting that by forming new CRLs complexes, GAM1 can reconvert the functionality of these
endogenous CRLs for recruiting SAE1/SAE2 degradation (Boggio, Passafaro et al. 2007).
In summary, GAM1 possesses a C-terminal SOCS domain that allows it to interact with
ubiquitin E3 ligases forming Cul2/5-EloB/C-ROC1 ubiquitin ligase complexes. SAE1/SAE2 is
then recruited to the complex by GAM1 for subsequent SAE1 ubiquitination and degradation
(Figure 6.1.2). Since SAE1and SAE2 are mutually stabilized, the disappearance of SAE1
consequently leads to the degradation of SAE2 (Boggio, Passafaro et al. 2007).
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Figure 6.1.2 The hypothesized assembly of SAE1/SAE2-GAM1-CRL complex. Within this
assembly, the GAM1 protein presents the SAE1/SEA2 enzyme to the ubiquitin degradation
complex, leading to the degradation of the SAE1/SEA2 enzyme hence global inhibition of the
SUMOylation pathway.

6.2 GOALS AND SPECIFIC AIMS
As the early gene product of CELO virus, GAM1 functions in enhancing viral replication
by manipulating two fundamental cellular pathways: SUMOylation and acetylation. GAM1 is the
first viral protein found to fully inhibit global SUMOylation by targeting the SUMO Activating
Enzyme SAE1/SAE2 for subsequent ubiquitination and degradation. GAM1 prevents the antiviral
response from host cells and creates a favorable environment for their survival and replication.
This fine manipulation makes it a great target not only for antiviral therapies development, but
also for studying cellular pathways and related pathology.
Although GAM1’s viral function has been well studied in past 21 years, the molecular
mechanism of GAM1’s manipulation of SUMOylation and acetylation pathway is still unknown,
due to the lack of GAM1’s atomic structure. The long term goals for this project is to structurally
characterize the protein GAM1 and reveal its mechanism of modulating SUMOylation/acetylation
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pathway for the development of antiviral therapies. The main hypothesis is that GAM1 serves as
a substrate receptor for ubiquitin E3 ligases, leading to the degradation of SAE1/SAE2 protein and
inhibition of SUMOylation.
Specific Aim #1: To obtain soluble TF-GAM1 recombinant protein with high homogeneity
by optimizing protein expression and purification. Since being discovered in 1997, GAM1’s
function was investigated by a series of in vivo and in vitro assays, but because of GAM1’s
flexibility and instability, purification of GAM1 with proper folding has been a big challenge. In
our research, GAM1 protein has been cloned and expressed with a E. coli ribosomal bound
chaperone, Trigger Factor (TF), which assists GAM1 protein folding for better stability and
solubility (Avila, Ramirez et al. 2015). Results from this part of the experiment will provide us
with large amount of pure soluble TF-GAM1protein with a proper folding for its functional and
structural studies.
Specific Aim #2: To determine the structure of TF-GAM1 with X-Ray diffraction after
protein crystallization. Pre-crystallization tests have been performed to optimize TF-GAM1
concentration of crystallization. Crystallization screening has been performed to search for optimal
buffer and temperature condition for large scale crystallization. This result will pave the way for
obtaining the atomic resolution structure of GAM1, which will deepen our understanding of its
mechanism of action with SAE1/2 and the CLR complex.

6.3 MATERIALS AND METHODS
6.3.1 Recombinant TF-GAM1 Expression
GAM1 was previously cloned into a modified pCold-TF vector where the GAM1 is fused
with a N-termial TF and a C-terminal 6xHis tag (Avila, Ramirez et al. 2015). The TF tag was
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added for better protein folding and solubility of GAM1. The 6xHistidine tag was engineered at
the C-terminal of GAM1 to insure full-length recombinant protein expression and also allow
purification with affinity chromatography. The plasmid was transformed into E. coli BL21 (DE3)
pLysS strain (Novagen). In order to successfully obtain protein expression, small-scale expression
trials have been carried out to optimize protein expression conditions including bacterial culture
concentration, bacterial growth media, temperature for induction, IPTG concentration, time for
post-induction expression. SDS polyacrylamide gel electrophoresis (SDS-PAGE) was used to
verify protein production and estimate the best protein expression conditions. After the optimal
conditions have been established, large scale expression was conducted to obtain large amount of
recombinant protein. Fresh bacterial colonies of plasmid transformed BL21 were first grown on
an LB agar plate (LB Broth with agar (Lennox), Sigma-Aldrich catalog#L2897) containing
100μg/ml ampicillin. A pre-culture was then grown from a single healthy colony in 10mL of
Terrific Broth media (TB media, Sigma-Aldrich catalog # T0918) with 100μg/ml ampicillin at
37oC overnight with 260 RPM shaking. The expression culture was prepared with 1:500 diluted
pre-culture in 4 liters of TB media containing 100μg/ml ampicillin and grown at 37oC with 260
RPM shaking. Bacterial growth was monitored by checking optical density at 600nm (OD600).
Once the OD600 reached a value of 1.5, the temperature was set to 16oC and the agitation was
stopped to simulate the cold shock promoter for 1 hour. IPTG was then added to reach a final
concentration of 0.2 mM and shaking at 260RPM was restarted. Protein was expressed at 16oC for
20 hours. Expressed cell culture was harvested by centrifugation at 4690 xg for 20 minutes at 4°C
and the pellets were resuspended in lysis buffer A (50mM Tris-base, pH8.0, 300 mM NaCl, 10
mM imidazole, 0.02% NaN3, 2 mM Dithiothreitol, 0.2 mg/ml lysozyme, and 1 mM
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phenylmethylsulphonyl fluoride). The resuspended samples were then incubated at room
temperature for 20mins and then stored at -20oC.

6.3.2 TF-GAM1 Purification
6.3.2.1 Affinity Chromatography - HisTrap IMAC column
Before protein purification, the frozen lysates were freeze/thawed 3 times to release soluble
proteins from the cell. To prevent target protein from being digested and degraded, 1mM PMSF
was added after thawing the lysate each time. At the last time of thawing, 20 μg/mL DNase were
added to the lysate and incubated at room temperature for 10 minutes with gentle rocking. The
lysate was then centrifuged at 40,000 xg at 4oC and filtrated with 0.22 μm filters to remove large
insoluble debris from cell lysate. 150 mL to 160 mL lysate was loaded to 20mL HisTrap IMAC
column (GE catalog #17-0920-05) pre-equilibrated with lysis buffer A at a flow rate of 0.3ml/min
overnight with ÄKTA Pure (GE catalog # 29-0182-24). The loaded column was then washed with
two column volumes of lysis buffer A at a flow rate of 5 ml/min to remove unbound proteins. To
remove unspecific bound protein, the column was washed by 6 column volumes of lysis buffer
with 40mM imidazole obtained by mixing lysis buffer with elution buffer (50 mM Tris-base; 150
mM NaCl; 500 mM Imidazole; 2 mM DTT, 0.02% NaN3; pH 8.0). The recombinant TF-GAM1
protein was then eluted twice with 80mM imidazole and 180mM imidazole. The purity of TFGAM1 protein was verified with SDS-PAGE.

6.3.2.2 Size Exclusion Chromatography
The elution from IMAC column was loaded to the HiLoad 16/60 Superdex 200 sizeexclusion column (GE catalog #28-9893-95) which were pre-equilibrated with size-exclusion
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buffer (50 mM Tris-Base; 300 mM NaCl; 2mM DTT, 0.02% NaN3; pH 8.0). Aggregated TFGAM1 eluted at 120-140 ml along with most of protein contamination, TF-GAM1 trimer
(estimated by its calibrated molecular weight) was eluted at 145 ml, TF-GAM1 dimer was eluted
at 165 ml, whereas TF-GAM1 monomer was eluted at 190ml. All the elution fractions were
collected and their purities were verified with SDS-PAGE.

6.3.2.3 Affinity Chromatography - 5ml Histrap Hp Column
Monomeric elution from size-exclusion column was loaded to 5 mL HisTrap Hp column
(GE catalog #17-5247-01) which was pre-equilibrated with lysis buffer A at a flowrate of
1mL/min. The loaded column was step-washed with 20mM, 40mM, 50mM imidazole, and then
eluted pure TF-GAM1 protein with 100mM and 200mM imidazole. Both elution fractions were
desalted immediately using a HiPrep 26/10 desalting column (GE catalog #17-5087-01) with
desalting buffer (20 mM Trizma Base; 100 mM NaCl; 1 mM DTT, 0.02% NaN3; pH 8.0). Elution
was collected and the protein purity was verified with SDS-PAGE. Bicinchoninic acid (BCA)
assay with Pierce BCA Protein Assay kit (Thermo Scientific catalog #23225) was used to
determine the concentration of the obtained pure protein before and after being concentrated with
30ml Amicon Ultra centrifugal filter units Ultra-15, MWCO 30 kDa (Sigma-Aldrich catalog#
Z717185). The obtain protein was also sequence verified with Electrospray ionization coupled
tandem mass spectrometry (ESI-MS/MS) in Border Biomedical Research Center at the University
of Texas at El Paso. Furthermore, to insure the obtained protein is properly folded, its
hydrodynamic diameter was measured by dynamic light scattering (DLS), and its secondary
structure components were measured by Circular dichroism (CD). If the protein is intended for
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protein crystallization, 1% SIGMAFAST™ Protease Inhibitor Cocktail (Sigma-Aldrich, catalog #
S8830) was added to inhibit general degradation of the pure protein.

6.3.3 Thrombin Digestion and Purification of GAM1
6.3.3.1 TF-GAM1 digestion with Thrombin
Small-scale digestion trials were carried out to optimize digestion conditions, including
digestion temperature, concentration of thrombin (BioPharm SKU91-010), and digestion time.
SDS-PAGE was used to estimate the best digestion conditions.
During optimization, recombinant TF-GAM1 (300 μg/mL) was incubated at 4oC, 25oC or
37oC with two different concentrations of Thrombin (3 mU/ml, 6 mU/ml) separately. The digestion
reactions were sampled at 1, 2, 4, 6, 8, 24, and 48 hours. The aliquoted reaction samples were
quenched immediately with 2 mM PMSF and incubated at 100 oC for 10 mins. The optimal
conditions for digestion were verified with SDS-PAGE. After optimization, purified recombinant
TF-GAM1 (300 μg/mL) was incubated with 3mU/mL of thrombin at 4oC for 24 hours. The
thrombin digest reactions were quenched with 2mM PMSF.

6.3.3.2 TF-GAM1 Digestion with Agarose Bead Linked Thrombin
Another digestion trial was carried out with the Thrombin Clean Cleave Kit (SigmaAldrich catalog# RECOMT) that contains Thrombin-conjugated agarose bead. The pure
recombinant TF-GAM1 was first desalted into thrombin cleavage buffer (50 mM Tris-base, 10
mM CaCl2, 0.02% NaN3, pH8.0) and then concentrated to 1 mg/ml. The digestion reaction was
incubated at 4oC with gentle rotation and sampled at 1hour, 2 hours, 3 hours, 4 hours, 6 hours, 8
hours, 24 hours, and 5 days. The aliquoted reaction samples were quenched with 2mM PMSF and
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incubation at 100oC for 10mins. The optimal conditions of digestion were verified with SDSPAGE. After optimization, 1ml concentrated recombinant TF-GAM1 (1 mg/mL) was incubated
with 100ul of pre-equilibrated thrombin linked agarose spur at 4oC for 24 hours. After the digestion
in complete, the thrombin-conjugated beads were removed from the sample mixture by
centrifugation at 100 xg for 1min. And 2 mM PMSF was added to the supernatant of the digested
sample in order to fully quench the digestion reaction.

6.3.4 Co-Expression of TF-GAM1 with EloB/C
TF-GAM1 transformed competent cells were prepared from TF-GAM1 transformed BL21
cells using the standardized Calcium Chloride treatment, where cell culture was treated with 0.1
M CaCl2 at 4oC, flash frozen within 0.1 M CaCl2/15% glycerol and stored at -80oC until usage.
The pACYCDuet-1-EloB-EloC construct was purchased and transformed into the competent TFGAM1 BL21 cells for TF-GAM1 and EloB/C co-expression. Small scale expression was
performed to obtain optimal induction temperature and IPTG concentration for co-expression.
After optimization, the TF-GAM1 and EloB/C transformed cells culture was grown to OD600
reached to 0.8 at 37oC with 260 rpm, incubated at 20oC without shaking, then induced with 0.5mM
IPTG for 20hours at 20oC and 260rpm shaking. Cell culture was harvested and solubilized as
previously described.

6.3.5 Protein-Protein Interactions Studies of TF-GAM1
6.3.5.1 Pull-Down Assay of Co-expressed EloB/C and TF-GAM1
GAM1 was shown to bind directly to EloC and recruit EloB in the present of EloC. 1.5ml
cell lysate obtained from co-expression was centrifuged at 20,000 xg for 30 mins. 1ml of the
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supernatant was incubated with Co2+-Chelated Agarose beads (GE HisTrap Hp column catalog
#17-5247-01) at 4oC overnight. After binding, bound protein was pulled down along with Co2+Chelated Agarose beads by centrifuging the mixture at 100xg for 1mins. The pull-down mixture
was then washed with lysis buffer A to remove unbound protein, and further washed with 20 mM,
40 mM, 80 mM Imidazole to remove unspecified binding proteins. The wash solution was
prepared by diluting elution buffer (50 mM Tris, 500 mM Imidazole, 0.02% NaN3, 150 mM NaCl)
with lysis buffer A. The bound proteins were then analyzed with SDS-PAGE.

6.3.5.2 Pull-Down Assay of TF-GAM1 and SAE1/2
The concentration of purified TF-GAM1 and purified GST-SAE1/2 was measured with
BCA assay to be 100ug/ml and 120 ug/ml. Equal amount of TF-GAM1 and GST-SAE1/2 was
added together and incubated with Co2+-chelated Agarose beads at 4°C overnight, and the same
washing steps were performed as described with SEC buffer (50 mM Tris, 300 mM NaCl, 0.02%
NaN3, 2mM DTT) and elution buffer (50 mM Tris, 500 mM Imidazole, 0.02% NaN3, 150 mM
NaCl). Additionally, a pull-down assay of TF-GAM1 with Co2+-chelated bead carried out as a
positive control that TF-GAM1 bind to Co2+-chelated bead. Another pull-down assay of GSTSAE1/2 with Co2+-chelated bead was carried out as a negative control that the GST-SAE1/2 can’t
be recruited to Co2+-chelated bead by itself.
Glutathione Chelated Agarose beads (GE GSTrap FF catalog # 17-5131-02) can bind to
GST-tag protein and is therefore used for the reverse pull-down assay for GST-SAE1/2 and TFGAM1. Pull-down assay was set up as described for Co2+-Chelated bead with Buffer A (1X PBS,
1 mm DTT, 0.2 mm PMSF) and Buffer B (20 mM reduced Glutathione, 100 mM Tris, 120 mM
NaCl). The bound proteins from both pull-down assay were then analyzed with SDS-PAGE.

164

6.3.6 Homology Modeling of TF-GAM1
The amino acid sequence of GAM1 was first submitted to I-TASSER (Yang, Yan et al.
2015), SWISS-Model (Biasini, Bienert et al. 2014), and Phyre2 (Kelley, Mezulis et al. 2015)
online servers for template searching from protein database (PDB) and structure prediction. As
expected, GAM1 has very low homology to proteins with determined structures. Modeling of TFGAM1 was also carried out in parallel for structure prediction of the recombinant protein. The best
of models for GAM1 and TF-GAM1 were selected for further analyses including surface
electrostatic potential calculation, and hydrophobic surface calculation with chimera (Pettersen,
Goddard et al. 2004) and Delphi (Li, Li et al. 2012).
The crystal structure of TF was downloaded from PDB (PDB ID:1w26) (Ferbitz, Maier et
al. 2004). In order to obtain a more confident model of recombinant TF-GAM1, the model of TFGAM1 was built by superimposing the TF structure and the best GAM1 model to the best TFGAM1 model provided by I-TASSER. The superimposed TF and GAM1 were submitted for
flexible protein-protein docking servers, such as Swarmdock (Torchala, Moal et al. 2013), and
Zdock (Pierce, Wiehe et al. 2014), for predicting their binding mode. Since TF and GAM1 in the
recombinant protein are linked through a peptide bond, therefore the predicted models within
which GAM1 is located far for the C-terminal of TF were not considered. The best prediction was
then submitted for energy minimization. Ramachandran plot of the model before and after energy
minimization were used for evaluation.
Structure of a SOCS- EloB/C-Cullin5 complex was determined with X-ray diffraction with
a resolution at 3 Å (Kim, Kwak et al. 2013). The structure could provide insights of interaction of
GAM1 with EloB/C- Cullin5 complex since GAM1 contains a conserved SOCS domain at C-
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terminal. This structure was therefore downloaded from PDB (PDB ID 4JGH) and utilized as a
reference when predicting the interactions within TF-GAM1-EloB/C-Cullin5 complex.

6.3.7 Secondary Structure Analysis of TF-GAM1
The purified TF-GAM1 were concentrated to 1.0 mg/ml prior CD measurement. Far-UV
CD measurement of the prepared sample was conducted using a similar approach to hPER2c
analysis mentioned in section 5.3.7. In brief, 40 μl sample was added in a 0.01 cm path length
rectangular quartz cuvette (JASCO, catalog # 0556) and its CD ellipticities (θobs) was measured
from 190nm to 260nm and averaged from 3 baseline-corrected. The thermal denaturation studies
were carried out by heating each sample at various temperatures (4°C, 15°C, 25°C, 30°C, 37°C,
45°C, 50°C, 60°C, 70°C, 80°C) to determine its Tm temperature. The obtained spectra were
analyzed using DichroWeb (Whitmore and Wallace 2004)to determine secondary structure
content. During the DichoWeb estimation, both dataset #4 and #7 (Sreerama and Woody
2000)were utilized and averaged under the CONTIN programme (Provencher and Glockner 1981).

6.3.8 Crystallization of TF-GAM1
6.3.8.1 TF-GAM1 Pre-Crystallization Test
In order to determine the appropriate sample concentration for crystallization screening,
pre-crystallization test (PCT) was carried out with concentrated pure TF-GAM1 protein using PCT
kit (Hampton Research, catalog # HR2-140). One batch of pure TF-GAM1 was concentrated to
3.5 mg/ml with 30ml Amicon Ultra centrifugal filter to 500ul and the concentration measured by
BCA assay. The concentrated protein was mixed with the four solutions individually provided
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within the kit in 24 well VDX™ Plates. The mixture was observed under microscope to estimate
if the concentration was appropriate for crystallization screening.

6.3.8.2 TF-GAM1 Crystallization Screening
The crystallization screening was preformed to determine the proper pH and polyethylene
glycol (PEG) concentration. Screening solution was prepared with Sodium Fumarate (Na2C2H2O4)
and PEG3550 to obtain a set of mother liquids with a range of pH 4-8 and PEG 10%-40%. Sitting
drop vapor diffusion was then set up with 3.5 mg/ml TF-GAM1 within 24 well VDX™ Plates at
25°C.
Large scale screening was then carried out with crystal screen reagent kits (Hampton
Research catalog#HR2-130, HR2-134, HR2-139). Each one of these kits provided 96 reagent
mixture with various salts, polymers, organics, and pH condition. Hanging drop and sitting drop
vapor diffusion were also tested for an optimal crystallization method. Another round of crystal
screening trial was then carried out with the promising condition from this screening where protein
concentration was increased to 4mg/ml and 7.5 mg/ml.
The purified TF-GAM1 protein was also sent to High-Throughput Crystallization Center
(Hauptman-Woodward Medical Research Institute, New York) for crystallization screening under
1,536 different conditions.

6.4 RESULT AND DISCUSSION
6.4.1 TF-GAM1 Expression
Multiple trials of expression optimization were carried out. The first trial of optimization
was expressing TF-GAM1 in LB Broth Lennox (Sigma-Aldrich catalog # L3022) for various
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induction OD600, post induction hours and IPTG concentrations. Purification following this
optimization showed that protein expression in LB media with low ITPG concentration of 0.2mM
and short post induction time of 2 hours gives the highest yield of monomeric TF-GAM1. Higher
induction OD600 will also improve the yield because of higher cell density.
Later trials, of expression optimization were carried out to determine the optimal cell
growth media for TF-GAM1 expression among LB media, LB Broth EZMix™ medium (SigmaAldrich catalog#L7658), TB media. TB media give the highest yield of monomeric TF-GAM1,
whereas EZMix™ medium has lower yield and LB media has the lowest yield. The condition for
TF-GAM1 expression is optimal when the culture was induced with 0.2 mM IPTG at 16oC for
20hours in TB media (Figure 6.4.1).

Figure 6.4.1 SDS-PAGE of recombinant TF-GAM1 expression. Recombinant TF-GAM1 bacterial
culture with 0.2mMIPTG induction for 20hours are shown. The first lane is the molecular weight
(MW) marker. The second lane is the affinity column purified TF-GAM1, serves as a molecular
weight reference. The rest of the lanes are GAM1 bacterial culture grown from 4 separate liters of
media. The arrow on the left points to the expected size of recombinant TF-GAM1 (83.5kDa).
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6.4.2 TF-GAM1 Purification
Cobalt based and Nickel-based affinity column, anion exchange column, cation exchange
column and size exclusion column were tested and optimized with various buffer concentrations
and pH for TF-GAM1 protein purification. After multiple trials, a finalized purification protocol
was established. Cell lysate was first loaded to the affinity column and washed with 80mM
imidazole concentrations to remove nonspecific binding protein. After washing, greater than 80%
purity TF-GAM1 was obtained (Figure 6.4.2). The elution was then loaded to a size exclusion
column to obtain 95% pure monomeric protein. Elution from size exclusion column was again
loaded to the his column for final purification and then loaded to a desalting column to obtain 99%
pure TF-GAM1protein. Protein purity was verified with silver staining (Figure 6.4.3).

Figure 6.4.2 SDS-PAGE of purification of recombinant TF-GAM1 using affinity chromatography.
The 15 lanes show crude sample, flow through (FT), wash of 80mM imidazole, and two clusters
of elution fractions with 100mM and 200mM imidazole, respectively. The arrow on the right
points to the expected size of TF-GAM1 (~83.5kDa).
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Figure 6.4.3 Chromatogram and SDS-PAGE of purification of TF-GAM1 using size-exclusion
chromatography (SEC). The four peaks from left to right represent aggregated, trimetric, dimeric,
and monomeric forms of TF-GAM1. The respective SDS-PAGEs are shown on the side of peaks.
For the monomeric TF-GAM1, silver-stained SDS-PAGEs was shown on the very right to verify
protein purity. The arrow on the right points to TF-GAM1.
6.4.3 TF-GAM1 Sequence Verification and Characterization
In order to verify the purified recombinant protein is indeed TF-GAM1 with correct amino
acid sequence, the purified protein was prepared for ESI-MS/MS analysis. Two trials of analysis
were carried with protein sample digested by Trypsin and Pepsin individually. By combining the
detected fragments from two analyses, 95% of the amino acid sequence of purified protein was
verified to belong to TF-GAM1 (Figure 6.4.4).
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Figure 6.4.4 Mass spectrum of TF-GAM1. The graph on the left represents the full MS spectrum.
The graph on the right represents the MS/MS spectrum. The amino acid sequence of purified TFGAM1 was 95% covered as shown on the bottom of the graphs.

In order to ensure the purified TF-GAM1 remain in its monomeric form after the
purification and concentration procedures, DLS was used to estimate it average size (Figure 6.4.5
and Table 6.4.1). The estimated size of the TF-GAM1 based on its molecular weight is
approximately 10nm, the measured Z-average diameter of TF-GAM1 by DLS is 12nm, suggesting
that the TF-GAM1 is likely to fold in a monomeric globular shape.
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Figure 6.4.5 The hydrodynamic size profile of TF-GAM1 characterized by dynamic light
scattering (DLS). Purified TF-GAM1 was shown to have a Z-average size at 11.90nm, which
matched the estimated size of monomeric TF-GAM1.
Table 6.4.1 The parameter of the TF-GAM DLS measurement.
Protein
Z-average (d.nm)
PDI
Intercept
TF-GAM1

11.90

0.163

0.878

Proper secondary structure is required for protein functional studies and crystallization.
TF-GAM1 secondary structure was measured with CD at 4°C and analyzed by DichroWeb
(Whitmore and Wallace 2004) (Figure 6.4.6 and Table 6.4.2). The NRMSD values of fitting the
measured spectrum is 0.63, which again indicating good quality and fitting of the data. Our data
analysis shown that the TF-GAM1 is high rich in helices with 55.1% helices (30.8% regular helix
and 24.3% distorted helix) while only 3.3% strands (Table 6.4.2). When comparing this data to
that of TF, the percentage of the helices remain almost the same and the percentage of strand
decreased from 10.9% to 3.3%. This suggests that the GAM1 protein is likely to be a helical rich
protein, which is consistent with our homology modeling discussed below (Figure 6.4.7B).
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Figure 6.4.6 The CD spectrum and its fitting plots of purified TF-GAM1. (A) The spectrum of TFGAM1 at different temperatures ranging from 4°C (purple) to 90°C (brown); (B) The plot showing
the fitting of the experimental data of TF-GAM1 by DichroWeb (Whitmore and Wallace 2004).
(C) The values of mean residue ellipticity at 208nm ([θ]208) for TF-GAM1 plotted against
temperatures. A curve shown in black has been fitted to [θ]208 to determine the Tm of the TFGAM1.
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Table 6.4.2 The secondary structure composition of TA-GAM1 estimated by DichroWeb and its
comparison to the results from homology modeling.
Sample
TF
TF-GAM1
TF-GAM1
(Homology
model)

Helix
1
39.38
%
30.83
%

Helix
2
17.20
%
24.28
%

Helix
Total
56.58
%
55.10
%

Strand
1

Strand
2

Strand
Total

7.48%

3.45%

10.93%

0.83%

2.50%

3.33%

39.15%

9.72%

Turns
11.13
%
16.23
%

Unordered

NRM
SD

21.38%

0.045

25.35%

0.063

51.13%

\

In addition, the thermal stability of TF-GAM1 was also estimated by CD thermal
denaturation assays (Figure 6.4.6). Our analysis showed that the secondary structure of TF-GAM1
shown minimal changes as the temperature increased in the range of 4 to 37°C. On when the
temperature increased to 45°C and the above, steadily reduction of the CD signal was observed.
By fitting the [q]208 value gave a Tm temperature of 50.9°C. These results suggested that TFGAM1 have a high stability and may maintain good natively folded secondary structure under
physiological temperature. However, the thermal stability of the GAM1 protein by itself is in need
to be estimated.

6.4.4 Homology Modeling of TF-GAM1 and GAM1
GAM1 and TF- GAM1 sequences were submitted to homology modeling servers including
I-TASSER, SWISS-MODLE, Phyre2. These modelers align the provided sequences to those in
PDB whose structures have been determined. The protein with the best alignment will be selected
as templates for predicting the structures. Because GAM1 has very low homology to any
structurally determined proteins, template-based modeling servers like SWISS-MODLE and
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Phyre2 failed to provide a full-length structure model. However, the I-TASSER server can perform
ab initio modeling for building the unaligned regions and therefore provided homology models
with prediction for the full-length proteins. The best model by I-TASSER was then selected for
further structural analysis (Figure 6.4.7).

Figure 6.4.7 Homology models of GAM1 and TF-GAM1 built by I-TASSER. (A) TF-GAM1
model built by I-TASSER, C-score=-4.13. (B) GAM1 model built by I-TASSER, C-score=-3.65.
The C-score has been described in section 2.41 and 3.3.6.

The GAM1 model by I-TASSER (Figure 6.4.7B) was chosen as the best mode because the
overall structure is globular and that the model has an overall hydrophilic surface (Figure 6.4.8B).
Furthermore, the SOCS domain in this model is structurally conserved with that of SOCS protein
family (The double helices in (Figure 6.4.8A). At The C-terminal of modeled GAM1, the SOCS
domain contains two alpha-helixes and a flexible loop, which might not be well modeled due to
partially non-conserved sequence. However, the four Leucine residues within this domain that are
critical for GAM1 and EloB/C interaction are well resolved (Figure 6.4.8A). While the two alpha-
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helixes serve as the platform for one of the alpha-helix from EloC, the four Leucine residues act
as a zipper to enhance the GAM1 and EloC binding (Figure 6.4.8A).

A

B

Figure 6.4.8 Structure features of model GAM1. (A) Ribbon structure of GAM1 with four amino
acid L252, L258, and L272 labeled in red. (B) Hydrophobic surface of GAM1 shown by chimera.
The hydrophobic and hydrophilic surface regions are colored in red and blue, respectively.

TF is a ribosome associated chaperone that is located at the ribosomal exit tunnel and forms
a protected funnel with ribosomes to associate the folding of nascent polypeptide chains (Ferbitz,
Maier et al. 2004). TF can act as an unfoldase and a foldase, and thus prevents aggregation and
misfolding of proteins (Haldar, Tapia-Rojo et al. 2017). TF was cloned at the upstream of GAM1
to increase the yield of soluble recombinant protein expression (Avila, Ramirez et al. 2015). There
are three domains within TF: A N-terminal ribosome-binding domain, a central peptidyl-prolyl
cis/trans isomerase (PPIase) domain and a large C-terminal portion (Figure 6.4.9A). These
domains allow TF to adopt a unique, and elongated structure resembling a crouching dragon: Nterminal domain acts as the “tail”, binding to ribosome exit tunnel, PPIase domain acted as “head”
located at the opposite side of the “head”, and the large C-terminal portion contains a long helical
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linker that links the two “arms” (Figure 6.4.9). A large cradle is formed between the N-terminal
ribosome-binding “tail” and the C-terminal “arms” of trigger factor, which was revealed to be the
“chaperone” region for general peptide binding and folding association (Ferbitz, Maier et al. 2004,
Singhal, Vreede et al. 2015, Haldar, Tapia-Rojo et al. 2017). One of the major forces that drives
protein folding is hydrophobic interaction with the aqueous, hydrophilic environment. TF uses its
entire inner, cavity-forming surface for substrate accommodation, where it exposes large
hydrophilic and hydrophobic patches. This enables TF to interact with substrates through both
hydrophobic and hydrophilic interactions at the inner, cavity-forming surface.

B

A

Figure 6.4.9 Structure features of Trigger Factor (TF). (A) TF structure shown in Ribbon. (B)
Hydrophobic surface of TF-GAM1 shown by chimera. The hydrophobic and hydrophilic surface
regions are colored in red and blue, respectively.

Since the TF was cloned at the upstream of GAM1, it is predicted that during the expression
of TF-GAM1, TF is first synthesized and folded to its native form. The protein GAM1 is then been
synthesized at the C-terminal of TF, where the two flexible arms protect the newly synthesized
peptide and move it closer the inner surface. The head and tail portion also undergo conformational
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change to protect the newly synthesized peptides form the hydrophilic environment. After the
GAM1 protein is completely translated and correctly folded, the head and tail portion may then be
released. This prediction is supported by the homology modeled structure and the protein-protein
docking result (Figure 6.4.10 and Figure 6.4.11). The hydrophobic surface of the final TF-GAM1
model showed very minimum hydrophobic areas (Figure 6.4.11B) while the main hydrophobic
region of GAM1 was protected by TF (Figure 6.4.12). Due to the limitation of protein docking
servers, the protein was considered rigid while docking. Therefore, no conformational change was
observed for TF when bounded to GAM1.

Figure 6.4.10 TF-GAM1 model obtained by superimposed TF structure and GAM1 model to TFGAM1 model built by I-TASSER. (A) TF-GAM1 model shown in Ribbon, GAM1 is colored in
light purple; TF is colored in bright blue. (B) Hydrophobic surface of GAM1 in TF-GAM1 model.
The hydrophobic and hydrophilic surface regions are colored in red and blue, respectively.
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A

B

Figure 6.4.11 TF-GAM1 model obtained from protein-protein docking by Swarmdock. (A) TFGAM1 model shown in Ribbon, GAM1 is colored in light blue; TF is colored in grey. (B)
Hydrophobic surface TF-GAM1 model. The hydrophobic and hydrophilic surface regions are
colored in red and blue, respectively.

Figure 6.4.12 Hydrophobic surface of GAM1 showing the hydrophobic patch protected by TF.
The surface of TF was hidden in order to show the patch. The hydrophobic regions of the GAM1
model was enlarged and shown that this region was protected by TF. The hydrophobic and
hydrophilic surface regions are colored in red and blue, respectively.

As mentioned, GAM1 acts as the substrate receptor that convert the function of CRLs
complexes to target the degradation of SAE1/SAE2. The GAM1 and TF-GAM1 model obtained
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were then used for predicting the interactions within TF-GAM1-EloB/C-Cullin5 complex. SOCSEloB/C-Cullin5 complex was downloaded from PDB (PDB ID 4JGH) and serves as a template for
superimposing TF-GAM1 models (Figure 6.4.13)

Figure 6.4.13 Diagram of the predicted model of TF-GAM1-EloB/C and GAM1-EloB/C-Cullin5
complexes. (A) The EloC-SOCS crystal structure (PDB ID 4JGH); (B) The alignment of GAM1
to the SOCS domain; (C) The predicted structure model of GAM1-EloC after removing the
isolated SOCS domain; (D) The predicted structure model of TF-GAM1-EloC; (E) The predicted
structure model of GAM1-EloB/C;
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6.4.5 TF-GAM1 Crystallization
6.4.5.1 Local Crystallization Screening
Crystallization screening with approximately 350 conditions was carried out with Hampton
Research crystal screen reagent kits. All the conditions were observed under microscope. Majority
of the conditions led to TF-GAM1 precipitation. Some small protein crystals were obtained (Figure
6.4.14), but unfortunately, these crystals were shown to be salt crystals. The difficulty of
crystallizing TF-GAM1 might be due GAM1’s instability or the presence of TF which is shown
have flexible “head” and “tail” structures (Figure 6.4.10 and Figure 6.4.11).

Figure 6.4.14 Images of small crystals obtained during crystallization screening under polarized
lights. Four images shown are from 4 different crystallization screening conditions.

181

6.4.5.2 Crystallization Screening by High-Throughput Crystallization Center
Pure TF-GAM1 protein (4mg/ml) was sent to High-Throughput Crystallization Center for
crystallization screening in 1536 conditions. Images of each condition were taken every week up
to six weeks for crystal observation. At the sixth week, second-harmonic image (SHG images) and
Two-photon excited UV fluorescence images was taken. Positive (white) signal in the SHG images
can be used to verify the present of crystalline and Positive (white) signal in the UV-TPEF images
can be used to verify protein crystal if the protein has tryptophan residues (Figure 6.4.15). Four
tryptophan residues are present in TF-GAM1 protein. Majority of the condition again led to TFGAM1 precipitation. No single crystal was obtained from clear condition, but protein crystalline
was observed with 6 conditions verified by the positive signals from SHG images and UV-TPEF
images (Figure 6.4.15), indicating some promising conditions for large scale crystallization. All 6
conditions were shown to induce precipitation when the concentration of TF-GAM1 is at 4mg/ml,
therefore, another screening with lower concentration of TF-GAM1 should be carried out for
optimizing the screening and large scale crystallization.
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Figure 6.4.15 Observation of potential TF-GAM1 crystals under two different conditions. Panel
(A-D) are images from the first condition while panel (E-H) are images from another condition.
(A) and (E), (B) and (F), (C) and (G) are the SHG images, UV-TPEF image, and bright field image
at the 6th week of screening, respectively. (D) and (H) are bright field images of on first day of
screening. The potential protein crystals were highlighted with red circles.
6.4.6 TF-GAM1 Digestion
Future functional and structural studied highlight depend on whether we can purified TFfree GAM1. Multiple trials of digestion were carried out to optimize digestion time, temperature
and thrombin concentration, where TF-GAM1 was incubated with 10mU/ml or 20mU/ml
Thrombin at 25oC for 2 to 8hours (Figure 6.4.16). The optimal condition for digestion with
thrombin from BioPharm was 10mU/ml thrombin at 25oC for 8hours for TF-GAM1 with 300ug/ml
concentration. Another digestion trial was also carried out where TF-GAM1 was incubated with
the suggested amount of thrombin-conjugated agarose at 4oC for 1 to 24hours (Figure 6.4.17). The
optimal condition for digestion with thrombin-conjugated agarose was 4oC for 24hours for TFGAM1 with 1mg/ml concentration.
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Figure 6.4.16 SDS-PAGE for TF-GAM1 Digestion with Thrombin. The first lane is the molecular
weight (MW) marker. The second lane labeled with “0h” is the TF-GAM1 before digestion. The
lanes labeled with “C” are the control sample of corresponding digestions for different hours. The
lanes labeled with “#1” and “#2” are digested sample with 10mU/ml and 20mU/ml thrombin for
the corresponding hours indicated at the top. The arrows on the right point to the expected size of
recombinant TF-GAM1 (83.5kDa), TF (48kDa), and GAM1 (35.5kDa).

Figure 6.4.17 SDS-PAGE for TF-GAM1 Digestion with Thrombin linked agarose. The first lane
is the molecular weight (MW) marker. The second lane is TF-GAM1 protein before digestion. The
eighth and the tenth lane labeled with “control” are the TF-GAM1 protein for 8hours and 24hours,
respectively. The rest of the lanes are digested sample for their corresponding hours labeled on top
of the lanes. The arrows on the right point to the expected size of recombinant TF-GAM1
(83.5kDa), TF (48kDa), and GAM1 (35.5kDa).
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Overall, digestion with thrombin-conjugated agarose resulted in a more efficient digestion
which also requires a much simpler clean-up process. For this reason, large scale digestion of TFGAM1 should be performed with thrombin linked agarose under the optimal condition.

6.5 CONCLUSION
Recombinant TF-GAM1 purification has been optimized to purify highly homogeneous
protein. The purified protein was shown to be monomeric and maintain proper secondary structure
after the purification and concentrating processes. Pull-down assay of TF-GAM1 and SAE1/SAE2
didn’t show a significant interaction, which may be due to the presence of TF. Therefore, TFGAM1 digestion by thrombin was carried out in order to obtain tag-less GAM1 for functional
studies. Large scale purification and thrombin digestion will be conducted for further function
studies.
The high purity protein was also used for crystallization and structural determination.
Multiple trails of crystallization screening were carried out in order to overcome the difficulty of
crystallizing TF-GAM1 due to the low solubility of GAM1 and the presence of TF. Although
many crystallization screening conditions lead to protein precipitation, several promising
conditions have been revealed and will be verified with another trial of crystallization screening
with lower concentrations of TF-GAM1 protein.
In conclusion, GAM1 protein has been a great target for both cellular and viral studies
considering its impacts of SUMOylation and ubiquitination pathway for enhancing viral
replication. However, the structure of GAM1 remains unsolved due to its instability. In this work,
GAM1 protein has been expressed to large amount and purified to high purity, setting the stage
for further functional studies and structure determination. Solving the atomic structure of TF-
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GAM1 or the SAE1/SAE2-GAM1-EloB/C complex will provide many insights for developing
antiviral therapies.

6.6 FUTURE DIRECTION
As our result suggested that TF chaperone may contribute to the difficulty of crystalizing
the full-length TF-GAM1, our future direction should be to obtain the structure of tagless GAM1.
To achieve this goal, large scale digestion of the TF-GAM1 and purification of GAM1 should be
conducted in order to obtain homogeneous GAM1. The secondary structure compositions and
thermal stability of GAM1 should be assessed prior to the crystallization screen to ensure optimal
outcomes. Another attractive direction is to determine the structure of GAM1-SAE1/SAE2
complex via cryo-EM reconstruction. The total molecular weight of the GAM1-SAE1/SEA2
complex is 150kDa, which may be challenging to the current cryo-EM reconstruction technique.
Therefore, an alternative approach is to co-crystalize the tagless GAM1 together with SAE1/SAE2
and determine their structure through X-ray crystallography.
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