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ABSTRACT 

Structure of the Hepatitis E Virus-like Particle Suggests Mechanisms for Virus 

Assembly and Receptor Binding 

by 

Tom Sheng-yaw Guu 

This thesis reports the atomic structure of the Hepatitis E virus (HEV) in the form 

of a virus-like particle (VLP). HEV is a small, non-enveloped RNA virus in the family 

Hepeviridae and is the principal cause of endemic and epidemic acute viral hepatitis in 

developing countries. HEV contains three Open Reading Frames (ORFs), among which 

ORF2 encodes the capsid protein (amino acid 1-660), which plays a major role in virus 

assembly, viral cell entry, and host immune response. 

Originally purified as a dimer, the truncated capsid protein (amino acid 112-608) 

self-assembles into a subviral particle during crystallization. Such a VLP, though smaller 

than its native counterpart, retains native-like immunogenicity and is a promising 

candidate for vaccine. With a 14-A cryo-electron microscopy (EM) reconstruction as the 

initial phasing model, we have solved the crystal structure of the HEV VLP to 3.5 A 

resolution using X-ray crystallography. 

This high-resolution structure shows that each capsid protein contains three linear 

domains that form distinct structural elements: S, the continuous capsid shell; PI, the 3-

fold protrusions; and P2, the 2-fold spikes. The S domain adopts a jelly-roll P-barrel fold 

commonly observed in small RNA viruses. The PI and P2 domains both adopt p-barrel 

folds. Each of these two domains possesses a potential polysaccharide binding site that 
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may function in cell-receptor binding. Particularly, sugar binding to PI at the capsid 

protein interface may lead to capsid disassembly and facilitate cell entry. The subviral 

particle structure allows us to postulate a possible pathway for the assembly of HEV. 

Further structural modeling, mimicking the native virus, indicates that the native T=3 

capsid contains flat dimers, with less curvature than those of the T=l VLP. Our findings 

significantly advance the understanding of HEV molecular biology and have applications 

to the development of vaccines and antiviral medications. 
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CHAPTER I. INTRODUCTION 

1.1 Principles of virus structure 

Viruses have elaborate protective shells that are essential for survival and 

propagation. Their exterior architectures must be rugged enough to withstand harsh 

environmental conditions and to protect their genomic contents during the passage of 

infection. Yet, viral coats need to be flexible enough to efficiently recognize host cells, 

penetrate cell membranes, repackage viral genomes, and escape from infected cells. 

There are two major categories of viruses: enveloped and non-enveloped. Enveloped 

viruses contain a lipid-bilayer membrane that is generally derived from host cell 

membranes, whereas non-enveloped viruses do not. While some viral coats adopt varied 

morphologies, such as the helical tube of the tobacco mosaic virus and the cone-like 

lattice of hexagons and pentagons of HIV-1, the majority of viruses, including the 

hepatitis E virus (HEV), favor the icosahedral sphere or icosahedral variations (reviewed 

in Harrison, 2007). With regard to the later discussion of the structure of HEV, this 

chapter will only focus on icosahedral shaped viruses. 

1.1.1 Icosahedral symmetry 

The icosahedron is a compact and efficient architectural design, especially for 

small organisms like viruses. Because viruses generally a have small genome (e.g. 7.2 kb 

in the case of HEV), it seems unlikely that a virus would have sufficient genomic 
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capacity to encode a vast number of proteins for just one particular function, such as 

forming a protective layer. Watson and Crick postulated that a viral coat must be 

composed of repeating units of one or a few proteins (Crick and Watson, 1956). An 

icosahedron offers an ideal solution to achieve such genetic economy. A regular 

icosahedron forms a closed shell and contains 12 five-fold vertices, 20 three-fold faces, 

and 30 two-fold edges (Figure 1.1). This symmetry arrangement allows a virus to 

accommodate a minimum of 60 copies of an identical protein (e.g. parvovirus) (Figure 

1.2) (reviewed in Harrison, 2007). 

1.1.2 Quasi-equivalence 

A symmetry question arises when a virus contains more than one type of capsid 

protein or consists of more than 60 subunits. In 1961, Caspar and Klug introduced the 

concept of "quasi-equivalence" for use in these situations (Caspar and Klug, 1962). This 

concept is illustrated when comparing Figure 1.3 (a) and Figure 1.3 (b). In Figure 1.3 (a), 

each triangle of the icosahedral sphere contains three identical commas (representing 

three protein subunits) related by a three-fold rotational axis. Similarly, the five-fold 

vertices (labeled with pentagons) are made up of five identical commas. In contrast, in 

Figure 1.3 (b), although related by the three-fold rotation axis, the three commas are 

chemically and genetically distinct, noted as A, B and C, making a pseudo-three-fold 

symmetry. The other prominent difference is the existence of pseudo-six-fold axes. The 

top (or bottom) vertex (labeled with a pentagon) of a rhombus (outlined in red) indicates 

a five-fold axis relating 5 identical commas, labeled A. However, the left (or right) vertex 

2 



Figure 1.1 An icosahedron with 2-fold, Figure 1.2 Schematic diagram of the packing 
3-fold and 5-fold symmetry axes labeled of the parvovirus capsid proteins. The virus 
(Harrison, 2007). consists of 60 identical protein units, each 

represented by a trapezoid and an oval 
(Harrison, 2007). 

Figure 1.3 Illustrations of icosahedral equivalence (a) and quasi-equivalence (b). In (a), 
sixty identical commas are distributed on the surface a T=l particle. The five-fold 
symmetry axes are marked with pentagons. In (b), sets of three similar but non-identical 
commas, A, B, and C, are distributed on the surface of a T=3 particle - illustrating the 
quasi-equivalent arrangement of a total of 180 commas. The five-fold symmetry and 
quasi-six-fold symmetry axes are marked with pentagons and hexagons, respectively 
(Harrison, 2007). 
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(labeled with a hexagon) of the same rhombus points to the /wewdb-six-fold axis, a 

double three-fold axis of alternating comma B and comma C. This type of near-

equivalence and local distortability is called "quasi-equivalence", which gives a virus the 

conformational flexibility to accommodate more than 60 copies of non-identical subunits, 

for example, a total of 180 subunits in the icosahedral sphere in Figure 1.3 (b) (reviewed 

in Harrison, 2007). 

The more "expanded" quasi-equivalent icosahedral spheres allow for the 

accommodation of subunits in multiples of 60, thus permitting the increased sphere sizes 

that larger viruses require. The "surface lattices" of the "expanded" icosahedral sphere 

describe the arrangement of the building blocks. Such an arrangement is depicted by the 

formula T = h2 + hk + k2, where h and k are both integers, greater than or equal to zero. T 

is called the triangulation number, and any given icosahedral structure should have 60T 

subunits (reviewed in Harrison, 2007). For example, T=l, T=3, T=4, and T=7 virus 

particles can accommodate 60, 180, 240, and 420 protein subunits, respectively. 

Examples of various triangulation numbers are shown in Figure 1.4. 

The manner in which viruses mechanistically achieve quasi-equivalence is a 

fascinating subject of study, and is illustrated by the tomato bushy stunt virus (TBSV). 

The coat protein of TBSV includes four distinctive regions: a positively charged N-

terminal R-segment, a connecting arm, a folded shell (S) domain and a protruding (P) 

domain. There is a small linker hinge between the S and P domains. TBSV forms a T=3 

particle from 180 identical subunits. Its basic building block contains three genetically 

4 



Figure 1.4 Examples of various triangulation numbers, T=l, 3, 4 and 7. 
(http://pps00.cryst.bbk.ac.uk/course/section5/quaternary/virus/virdet.htm) 

Figure 1.5 The architectural arrangement of the T=3 tomato bushy stunt virus 
(TBSV). The shell (S) domain and protruding (P) domain are represented as 
trapezoid and cylinder, respectively. Capsid protein A, B and C are genetically 
identical but conformationally distinct. The difference in the dimeric conformation at 
the "equivalent" and "non-equivalent" positions is illustrated in the A-B (white) and 
C-C conformation (blue). The angle between inter-shell domains is also indicated. 
The icosahedral five-fold and quasi-six-fold axes are labeled in blue and green, 
respectively (Harrison, 2007). 
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identical yet conformationally distinct subunits, denoted A, B, and C in Figure 1.5. 

Similar to the illustration in Figure 1.3 (b), the five-fold rotational vertex (labeled with a 

blue pentagon) is made up entirely of 5 A subunits, and the pseudo-six-fold symmetry 

(labeled with a green hexagon) consists of 6 alternating B and C subunits. Closer 

examination reveals that the angles between shell and protruding (or neighboring shell) 

domains as well as the existence of the connecting arm differentiate A/B and C/C 

conformations. In the C/C conformation, the presence of an ordered arm drives the shell 

domains apart (thus increasing the angle between the two domains), producing a stronger 

curvature at the base and squeezing the S and P domains closer together. The opposite is 

observed in the A/B conformation, where the connecting arm is disordered, giving rise to 

a flattened base (a smaller inter-shell domain angle) and a larger angle between the S and 

P domains (Figure 1.5). Although equivalent and near-equivalent conformations exhibit 

noticeable differences (in particular, the insertion of a flexible ordered arm), many side 

chain contacts remain nearly unchanged around the "fulcrum" region at the base of both 

conformations (Harrison, 1984; Harrison, 2007). Icosahedral symmetry, with either 

equivalence or quasi-equivalence, is the underlying architectural scheme for many small, 

non-enveloped, positive-sense, single stranded RNA viruses. 

1.1.3 Variations of icosahedral architecture 

Instead of developing new patterns or designs, similar icosahedral building 

strategies appear to have been evolutionarily favored and thus apply, with some 

modification, to other more complex virus structures for which simple icosahedral 
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symmetry and quasi-equivalence cannot account (Harrison, 2007). The elongated 

structure of bacteriophage <j)29 adopts hemi-icosahedral caps at its two poles, along with a 

ten-hexagon band bridging the two hemispheres (Figure 1.6) (Wikoff and Johnson, 

1999). For the HIV-1 virus, the non-equivalent numbers of pentagons on its end caps 

(seven on the top and five on the bottom) provides its cone-shaped structure (Figure 1.7) 

(Ganser et al, 1999). In addition, large viruses like polyomavirus (simian virus 40) 

contain 360 subunits arranged in 72 pentamers, among which only 12 pentamers are 

found on the five-fold axes (red pentagon in Figure 1.8). The remaining 60 pentamers are 

six coordinated (green hexagon in Figure 1.8) (Liddington et al, 1991). These complex 

structures are beyond the scope of this study and will not be considered further. 

1.2. Introduction to the hepatitis £ virus (HEV) 

1.2.1 HEV epidemiology 

The hepatitis E virus is a principal causative agent of acute hepatitis in developing 

countries. Since hepatitis E is transmitted mainly through a fecal-to-oral route, countries 

with poor sanitation and ineffective water treatment are susceptible to endemic HEV, 

which is common in Southeast and Central Asia, the Middle East, Africa, and Central and 

South America (Figure 1.9, Emerson and Purcell, 2007). However, there have been 

sporadic cases of infection in the developed countries, such as the US and within Europe. 

These patients were generally travelers returning from endemic areas. Yet, the most 

striking finding was reported by Kuniholm et al. recently (2009). Testing ~ 19,000 
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Figure 1.6 The schematic architectural 
description of the bacteriophage (j)29 
capsid (Wikoff and Johnson, 1999). 

Figure 1.7 The schematic 
architectural description of the 
HEV-1 capsid (Ganseref al, 1999). 

Figure 1.8 The capsid arrangement of a 
polyomavirus, SV40. The five-coordinated 
and six-coordinated pentamers are outlined 
in a red pentagon and a green hexagon 
(Liddingtonef a/., 1991). 



individuals in the US from 1988 to 1994 revealed that seroprevalence of HEV in the US 

population was -21%. Although no specific cause was attributed to such a high 

prevalence, having a pet at home and consuming liver or other organ meats more than 

once a month seemed to increase the chance of seroprevalence (Kuniholm et al., 2009). 

The first documented HEV epidemic took place in New Delhi, India, in 1955 and 1956 

with -29,000 cases. The largest recorded outbreak occurred in Xinjiang Uighur, China, 

from 1986-1988 with -120,000 documented cases and more than 700 deaths. Symptoms 

of hepatitis E include influenza-like symptoms, nausea, tenderness, abdominal pain, 

vomiting, anorexia, and jaundice. HEV is primarily detected through serologic 

measurement of anti-HEV IgM and IgG. Its mortality is generally self-limiting, with rates 

between 0.5 and 4%. Many patients are able to recover by themselves without treatment, 

some even without the knowledge that they had been infected. However, HEV is 

particularly fatal among pregnant women in their third trimester, with up to a 20% 

mortality rate. In addition to humans, HEV is also found in rats, sheep, swine, and mice. 

Despite the high genetic identity (92%) between human and swine HEV, it remains 

unclear whether these animals serve as reservoirs of HEV for human infection (reviewed 

in Emerson and Purcell, 2003; Emerson and Purcell, 2007; Panda et al., 2007; Wang and 

Zhuang, 2004; Worm et al, 2002). 

1.2.2 HEV genome 

The hepatitis E virus is a small, non-enveloped, positive-sense, single-stranded 

RNA virus. HEV contains three ORFs (Open Reading Frames), amounting to 
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Figure 1.9 The epidemiological map of HEV, with countries of confirmed incidence 
shown in red (Emerson and Purcell, 2007). 
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Figure 1.10 Genomic arrangement of HEV. (a) genotype 1-3 and (b) genotype 4 
(Pandasal, 2007). 
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approximately 7.2 kb in length. A schematic diagram of its genomic arrangement is 

shown in Figure 1.10 (Panda et al, 2007). The HEV genome is flanked by a 5'-cap 

followed by a short 27-35 nucleotide non-coding region (NCR) and a 3'-polyadenylated 

tail preceded by a 150-200 nucleotide NCR. ORF1 encodes a non-structural polyprotein 

of 1693 amino acids. Sequence analysis revealed that ORF1 contained several putative 

domains: (1) a methyl- and guanylyl-transferase, (2) a Y domain of unknown function, 

(3) a papain-like cysteine protease, (4) a proline-rich hinge, (5) an X domain of unknown 

function, (6) a helicase-like motif, and (7) an RNA-dependent RNA polymerase. Thus 

far, only the activities of methyl- and guanylyl-transferase and RNA-dependent RNA 

polymerase have been demonstrated (Magden et al, 2001) (reviewed in Emerson and 

Purcell, 2003; Emerson and Purcell, 2007; Panda et al, 2007; Vasickova, 2007; Wang 

and Zhuang, 2004; Worm et al, 2002). 

ORF2 encodes the capsid protein, a structural protein of 660 amino acids. It 

contains a potential hydrophobic endoplasmatic reticulum-directing signal at its N-

terminus that is immediately followed by a region with a high concentration of lysine and 

arginine residues. This highly positively charged region is believed to be involved in 

genome encapsidation by neutralizing the electronegatively charged RNA. The capsid 

protein also possesses three potential glycosylation sites, at amino acid (aa) 137, aa 310 

and aa 562, but their biological significance remains unclear. Since ORF2 can be readily 

expressed in E. coli, insect cells, mammalian cells, and yeast, it is the best characterized 

ORF of HEV. 
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The smallest ORF is ORF3, encoding a 123-residue protein for genotype 1-3 and 

a 114-residue protein for genotype 4. In addition to the size difference, ORF3 partially 

overlaps ORF1 and ORF2 in genotype 1-3, but completely overlaps ORF2 in genotype 4 

(Figure 1.10). The biological function of the ORF3 protein is not known (it is 

phosphorylated but not glycosylated). Although it is not clear whether the ORF3 protein 

is part of the virion or is just a non-structural protein, it has been shown to induce an 

immunogenic response and therefore may function to regulate host cell response during 

viral infection (reviewed in Emerson and Purcell, 2003; Emerson and Purcell, 2007; 

Panda et al, 2007; Vasickova, 2007; Wang and Zhuang, 2004; Worm et al., 2002). 

1.2.3 HEV taxonomy 

The hepatitis E virus is not closely related to any other well-recognized viruses. 

Its taxonomic classification has undergone several revisions over the last three decades. 

HEV was first discovered using immuno-electron microscopy (IEM) by Balayan et al. in 

1983 as epidemic non-A/non-B or enterically transmitted non-A/non-B (ENANB) 

hepatitis, and it was suggested to group this virus into the Picornaviridae family (1983). 

However, it was later found that this virus was antigenically and biophysically unrelated 

to picornaviruses. From 1988-1998, HEV was classified as a member of the Caliciviridae 

family due to its morphological similarity with Norwalk virus and because both viruses 

have similar sedimentation coefficients in sucrose and similar buoyant densities. 

However, differing genomic organizations of HEV and calicivirus and further 

phylogenetic analyses of the non-structural regions of HEV revealed that it was different 
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from calicivirus. For instance, the ORF3 of HEV overlaps with its own ORF2, but ORF3 

of calicivirus is located at the 3' end with no overlap with ORF2. At the 5' end of 

genome, HEV possesses a cap structure; whereas calicivirus has a genome-linked viral 

protein, VPg, which is used in protein-primed transcription. In addition, calicivirus 

contains a putative NTPase domain, and HEV contains methyltransferase and helicase 

domains. Therefore, HEV was removed from the Caliciviridae family. The genomic 

arrangement and usage of HEV resemble those of the rubella virus (RV) and beet 

necrotic yellow vein viruses (BNYVV). Both belong to the family Togaviridae. Sequence 

analysis of the nonstructural polyprotein regions of HEV, RV and BNYW reveals that 

all three viruses comprise a so-called "alpha-like" supergroup RNA polymerase and a 

similar helicase domain. However, RV differs from HEV in the location of the protease 

domain. BNYW, unlike HEV, does not contain any protease and X domains (Koonin et 

ah, 1992). HEV has therefore been reclassified into its own family, Hepeviridae 

(reviewed in Emerson and Purcell, 2003; Emerson and Purcell, 2007; Panda et ah, 2007; 

Vasickova, 2007; Worm et al, 2002). 

1.2.4 HEV genotypes 

The classification of the HEV genotype is generally defined by less than 20% 

nucleotide divergence in ORF2, the most conserved ORF among different strains of 

HEV. There are four widely accepted HEV genotypes (Figure 1.11, Emerson and Purcell, 

2007): genotype 1, comprising isolates from North, Central, and South-east Asia and 

North Africa; genotype 2, comprising isolates from Mexico and Nigeria; genotype 3, 
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comprising isolates from the US (both human and swine) and Europe; and genotype 4, 

consisting of a subset of isolates from China and Taiwan. In addition, a more recent HEV 

strain recovered from chickens in North America and Australia, though less recognized, 

is categorized as genotype 5 (reviewed in Emerson and Purcell, 2003; Emerson and 

Purcell, 2007; Panda et al, 2007; Untergruppe, 2008; Wang and Zhuang, 2004; Worm et 

al, 2002). 
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Figure 1.11 Phylogenetic tree of the different HEV genotypes based 
on the identity of the ORF2 (Emerson and Purcell, 2007). 

1.3. Introduction to the hepatitis E virus capsid protein (HEV-CP) 

1.3.1 Heterogeneous species of HEV-CP 

When ORF2 was expressed, the full length capsid protein (CP), with a predicted 

molecular weight of 72 kD, was processed to various protein species due to post-

translational modifications. When expressed in mammalian cells, two major species were 
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observed: a 74 kD non-glycosylated and an 88 kD glycosylated pORF2 (Jameel et al, 

1996). When insect cells (Sf9) were infected with baculovirus containing the entire ORF2 

sequence, two recombinant proteins were produced predominantly 36 hours post

infection: an insoluble 72/73-kD protein and a soluble 62/63-kD protein (Robinson et al, 

1998; Zhang et al, 1997). In vitro proteolytic cleavage assays indicated that the 62/63-kD 

protein was the digested product of the 72/73 kD protein (Zhang et al, 1997). However, 

both species were replaced by 56-kD and 53-kD polypeptides at 48 hours post-infection. 

By 72 hours, the 53-kD protein became the sole dominant species. Edman degradation 

indicated that all truncated versions of the polypeptides lost their first 111 amino acids. 

The carboxyl terminal sequence analysis of the 62/63-kD, 56-kD and 53-kD fragments 

revealed that the cleavage sites were located at residues 660, 607, and 578, respectively 

(Robinson et al, 1998). Similar proteolytic events were also observed by Li et al. (1997; 

Xing et al, 1999): 58 kD and 50 kD truncated fragments emerged from the full-length 72 

kD protein. Both fragments correspond to aa 112-660 and 112-601/608, respectively (Li 

et al, 2005b). 

1.3.2 Assembly of an HEV virus-like particle (VLP) 

Using electron microscopy, Li et al observed that, among the various truncated 

species, the 50-kD polypeptide self-assembled into an empty virus-like particle (VLP) 

(1997). When expressing residues 112-660 of ORF2 in insect cells, VLPs can only be 

found in the Tn5 cells, but not in Sf9 cells. However, a shortened ORF2 protein (residues 

112-608) can assemble into VLPs in both Tn5 and Sf9 cells. Further investigation 
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revealed that residues 125-601 were the essential elements for VLP formation (Li et al, 

2005b). Nevertheless, another lab demonstrated that a truncated CP, HEV p239 (aa 368-

606), was capable of VLP assembly, but HEV E2 (aa 394-606) was not, suggesting 

residues 368-394 play a role in particle formation (Li et al, 2005a). 

The first three-dimensional structure of a HEV VLP was a cryo-electron 

microscopic reconstruction of the assembled 50-kD polypeptides at 22 A resolution 

(Xing et al, 1999). The VLP assumes a T=l particle of 60 identical subunits with a 

diameter of 270 A and a (wall or crust) thickness of approximately 85 A. Two radially 

distinct domains are evident from the structure: a distal protrusion and a basal layer. The 

most prominent feature is the 30 protruding spikes, consisting of homodimers related 

along the two-fold axis. Each homodimeric protrusion is surrounded by four other dimers 

related by three-fold axes. There are, however, depressions around the five-fold 

symmetry (Figure 1.12) (Xing et al, 1999). Although the exact size of the capsid protein 

in the native HEV virion is unknown, the native virion appears to be larger than VLPs, 

ranging between 320-340 A, and adapts an icosahedral T=3 particle. Despite their 

differences in size, both the native virion and the VLP possess similar antigenicity and 

elicit comparable immunogenic responses (Li et al, 1997). 
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Figure 1.12 The 22-A electron microscopy reconstruction of a HEV virus-like 
particle, (a), (b) and (c) shows the VLP is centered at two-, three-, and five-fold 
axes respectively (X'mgetal, 1999). 

1.3.3 Homo-oligomerization of HEV-CP 

In order for HEV capsid protein to assemble into a viral particle, the monomelic 

unit must first oligomerize. Xiaofang et al. and Tyagi et al. first observed oligomeric 

forms of HEV-CP when the full-length and N-terminal 111 or 127 residues-deleted CP 

was expressed in mammalian and yeast cells (2001; 2001). Similarly, homo-dimeric 

states were also noted in the bacterially expressed HEV-CPs (aa 368-604 and aa 394-604, 

respectively) (Li et al, 2005a; Zhang et al, 2001). Further characterization revealed that, 

whereas the first 127 amino acids of CP were dispensable for oligomerization (Tyagi et 

al, 2001), deletion of residues 585-610 significantly reduced homo-oligomerization, 

especially when coupled with the deletion of N-terminal 111 residues (Xiaofang et al., 

2001). In addition, a cluster of six hydrophobic residues at the C-terminus, Ala597, Val598, 

Ala599, Leu601, and Ala602, were identified to be the sites of the dimeric interactions (Li et 

al, 2005a). 
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1.3.4 Cell-receptor binding 

To invade host cells, infectious viruses must develop effective ways to bind host-

cell receptors. He et al. demonstrated that a truncated HEV-CP, p239 (aa 368-606), was 

able to bind to cell lines that are susceptible to HEV infection and block subsequent HEV 

infection of those cells. The binding and uptake of HEV p239 was visualized by 

immunofluorescence using confocal microscopy. However, such binding reaction was 

abrogated by a multitude of monoclonal antibodies (mAbs). Among these, six recognized 

the conformational epitopes associated with the dimeric domain (aa 459-606) and three 

recognized the linear epitopes in the monomelic domain (aa 423-443). Further 

mutagenesis confirmed the cell-receptor binding motif on the dimeric domain of HEV-

CP, but was inconclusive on the monomelic domain. These findings suggest that there 

may be more than one cell-receptor binding site for HEV-CP, and these receptor binding 

sites may overlap with the antibody neutralization sites (He et al, 2008a). 

1.3.5 Antigenicity and vaccine development 

The most extensively studied aspects of the hepatitis E virus is perhaps the HEV-

CP antigenicity and immunogenicity and how these properties relate to vaccine 

development. The first extensive mapping of the neutralization epitope of HEV was 

carried out by Meng et al. (2001). Antibodies were raised against 31 synthetic peptides, 

ranging from -100 to 400 residues long, which covered the entire HEV-CP (aa 1-660). 

Antibodies against the short recombinant proteins of -100 aa did not neutralize HEV; 
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while the ones against the much longer proteins did. This suggests that epitope 

neutralization is conformation dependent. Antibodies that conferred immune response all 

contain a common target region, aa 452-617. Further testing of the antibody targeting 

only aa 452-617 indicates that this is the minimal component necessary to elicit antibody 

recognition. In addition, this antibody is capable of cross-neutralizing three different 

genotypes, suggesting a common neutralization epitope for different HEV strains (Meng 

et al, 2001). Based on this study, Zhou et al. developed an enzyme-linked 

immunosorbent assay (ELISA) using recombinant CP coving aa 458-607, which can 

effectively detect anti-HEV in primates that were infected with four HEV genotypes 

(2004). Taken together, these results suggest that common neutralization epitope(s) may 

exist among different HEV genotypes. 

Several truncated species of HEV-CP have been shown to neutralize both 

homologous and heterologous strains of HEV in monkeys: 56 kD (Zhang et al, 2002), 55 

kD (Tsarev et al, 1997), and 53 kD (Zhang et al, 2002). In addition to recombinant 

HEV-CP, empty HEV VLPs have been evaluated as a potential vaccine candidate. Li et 

al first developed an ELISA using VLPs as an antigen and found that the assay was 

sensitive and specific in detecting IgM and IgG antibodies to HEV, and thus was useful 

for diagnosing HEV infection (2000). Moreover, the VLPs were orally administered to 

mice and monkeys and were capable of eliciting a systemic immune response - the 

production of serum IgA, IgG, and IgM (Li et al, 2001; Li et al, 2004). The monkeys 

were later challenged with native HEV, and their prior exposure to the VLPs conferred 

protection against infection and development of hepatitis (Li et al, 2004). Since VLPs 
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can be delivered orally, Maloney et al. attempted to create a transgenic plant, potato in 

this case, to express the HEV-CP as a VLP in consumable tissues. Although HEV-CP 

was expressed in potato tubers, the majority of the CP failed to assemble into VLPs. 

Consequently, the orally immunized mice failed to produce detectable levels of anti-CP 

antibodies. Such failure may have been caused by the degradation or poor antigen 

presentation of the unassembled CP. Thus, this result suggests that for an orally 

administered vaccine, VLP assembly may offer greater resistance against protease-

mediated degradation when it is travelling through the digestive tract. In addition, a VLP 

may present the conformationally-dependent epitopes required for the effective 

neutralization of the virus (Maloney et al, 2005). In fact, a recent phase 2 trial of the 55 

kD HEV recombinant protein vaccine in Nepal showed an overall 95% vaccine efficacy 

(Shresthae/a/.,2007). 
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CHAPTER II. CLONING, EXPRESSION, AND PURIFICATION OF THE 
HEPATITIS E VIRUS CAPSID PROTEIN 

Development of an efficient expression system for the protein of interest is the 

first requirement for a successful crystallization study. An attempt to express the full-

length capsid protein (aa 1-660) resulted in the formation of aggregates (Zhang et al, 

1997). Several other studies have shown that full-length 74 kD capsid protein was 

proteolytically processed to produce shorter fragments, including those with molecular 

weight of 62 kD, 58 kD, and 53 kD (Robinson et al, 1998). The 53 kD polypeptide (aa 

112-608, abbreviated CP), when overexpressed in insect cells, was able to assemble into 

an empty VLP that retains native-virion-like antigenicity and immunogenicity (Li et al, 

1997; Xing et al, 1999). Therefore, the truncated 53 kD fragment was chosen for our 

crystallization study. 

2.1 Expression of HEV-CP in E. coll 

Simplicity and high yield production of the desired protein, at a relatively good 

economic cost, made E. coli our expression system of first choice. The genetic sequence 

encoding HEV-CP residues 112-608 was cloned into the plasmid pET28a. Primers were 

designed based on the ORF2 of HEV genotype IV, China Tl strain, to amplify a 1513 bp 

DNA segment (See Appendix III). Restriction enzyme sites (Nco I, Xho I, or BamHI) 

and a fusion tag, such as a N- or C-terminal 6x-His tag, if not already available in the 

plasmid, were introduced using the appropriate primers that were synthesized by Sigma-

Genosys. The PCR reaction mixture contained 7.2 ul Milli-Q (MQ) water, 1 ul 10 xpfu 
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reaction buffer (Stratagene), 0.3 ul 10 mM dNTP (Promega), 0.5 ul 10 uM forward 

primer, 0.5 ul 10 uM reverse primer, 0.3 ul 20 ng/ul template (human HEV IV cDNA 

pCR2.1-ORF2) and 0.2 ul 2.5 U/ulp/w Turbo® RNA polymerase (Stratagene). PCR was 

performed in a Primus 96 Plus Thermal Cycler (MWG-Biotech) with 30 cycles of 

denaturation (95°C for 45 seconds), annealing (50°C for 45 seconds), extension (72°C for 

5 minutes), and final elongation (72°C for 10 minutes). The reaction was stored at 4°C 

and analyzed by electrophoresis on a 1% agarose gel. As expected, DNA fragments of 

about 1500 bp were obtained. The PCR products were purified using a QIAquick PCR 

Purification Kit (Qiagen). Then, both the plasmids (pET-28a, Novagen) and the PCR 

product were digested by restriction enzymes at 37°C for 3 hours and recovered with a 

QIAquick Gel Extraction Kits (Qiagen). Subsequently, the digested DNA fragment was 

ligated into a linearized pET-28a (at the molar ratio of insert to vector of 5:1) using T4 

DNA ligase (NEB) overnight. The ligated products were transformed into DH5a 

competent cells (Stratagene) by heat shock, and the competent cells were then incubated 

at 37°C overnight. Colonies were picked from plates (LB + Kan30 *tg/ml) and inoculated 

into 5 ml culture (LB + Kan30 |lg/ml) that was subsequently shaken overnight at 37°C. A 

small scale DNA prep using an alkaline lysis miniprep protocol was then performed. 

Clones containing an insert were confirmed by a double restriction enzyme digestion. 

The recombinant plasmids were then amplified and purified using a Miniprep kit 

(QIAGEN), and sent to SEQRIGHT to confirm their sequence. 

A recombinant plasmid containing the coding sequence of HEV-CP was 

transformed into E. coli Rosetta 2 (DE3) competent cells. The transformed cells were 
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spread on agar plates (LB + Kan30 >lg/ml + Cam34 "g/ml) and incubated overnight at 37°C. 

Colonies were picked to inoculate into a 3 ml overnight culture. For a small-scale 

expression, 50 ml of cells at -0.6 ODeoo were induced with 1 mM isopropyl P-D-l-

thiogalactopyranoside (IPTG), and then incubated at 16°C for 12 hours. Harvested cell 

pellets were lysed using three cycles of freeze/thaw with lysozyme added in the lysis 

buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5mM imidazole, 10% glycerol, 17 

ug/ml phenylmethylsulphonyl fluoride (PMSF), 1 ug/ml leupeptin, 1 ug/ml pepstatin, 5 

mM P-mercaptoethanol, and 1 mg/ml lysozyme). Preliminary expression tests showed 

that although HEV-CP was over-expressed, the protein was insoluble. Further 

optimization of the expression conditions proved unsuccessful. 

2.2 Expression of HEV-CP in insect cells 

Sophisticated post-translational modification makes eukaryotes, such as insect 

cells, excellent alternative expression systems. A schematic diagram in Figure 2.1 

summarizes how the baculovirus expression system works. The gene of interest is 

inserted into a pFastBac donor plasmid, which possesses a mini-Tn7 element. The 

recombinant plasmid is then transformed into DHlOBac competent cells, which contain 

the bacmid with a mini-a//Tn7 target site and the helper plasmid. Inside the cells, the 

mini-Tn7 element (carrying the gene of interest) on the pFastBac plasmid is transposed to 

the mini-a«Tn7 target site on the bacmid with the help of a transposase encoded by the 

helper plasmid. Colonies containing recombinant bacmid, which have a white appearance 
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due to the disruption of the lacZa gene, are selected. The purified recombinant bacmid is 

then used to transfect insect cells to generate the recombinant baculovirus. 
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Figure 2.1 The schematic flowchart depicts the generation of recombinant 
baculoviruses and gene expression in the Bac-to-Bac Expression System 
(Invitrogen manual). 

To generate a recombinant pFastBac donor plasmid (Invitrogen), similar cloning 

procedures were followed as those mentioned in 2.1. The recombinant pFastBacl 

plasmid was then used to transform DHlOBac competent cells (Invitrogen), which host 

the bacmid DNA (as discussed in 2.1). White colonies containing recombinant bacmid 

DNA were selected from Bluo-gal plates (LB + Kan50 Mg/ml + Tet10 ^mX + Gen7 ^m] + 

Bluo-gal40 w?/ml + IPTG) after 48 hours of incubation at 37°C followed by re-streaking on 
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Bluo-gal plates, which were then incubated for another 48 hours at 37°C. The 

recombinant bacmid DNA was then extracted from these new single white colonies using 

a modified alkaline lysis miniprep protocol (as described in Bac-to-Bac® Baculovirus 

Expression System, Version D, Invitrogen). The proper insertion of the HEV-CP gene 

was verified by PCR analysis using Ml3 forward and reverse primers. 

The recombinant bacmid DNA was then used to transfect Sf21 cells in order to 

generate the recombinant baculovirus. First, Sf21 cells (2 ml, at 9 x 105 cells/ml) were 

allowed to form a monolayer on a 6-well tissue culture plate (Corning). For each well, ~5 

ul of purified recombinant bacmid and ~6 ul of Cellfectin Reagent (Invitrogen) were 

individually diluted to 100 ul in unsupplemented Grace's insect cell medium 

(Invitrogen), and subsequently combined together and incubated for 45 minutes at room 

temperature. For each transfection, 0.8 ml of unsupplemented medium was added to the 

lipid-DNA complexes. These diluted lipid-DNA complexes were then overlaid on to the 

cells, which were pre-washed with 2 ml of unsupplemented medium. The cells/lipid-

DNA complexes were incubated for 5 hours at 27°C. Finally, 2 ml of Grace medium 

(supplemented with 10% fetal bovine serum and antibiotics) was gently added to the 

mixture. The transfected cells were incubated for 5 days at 27°C. During the course of 

the incubation, the cells showed signs of infection, such as becoming swollen and 

detaching from the well. The PI viral stock was harvested by centrifuging down the cell 

debris at 3,000xg for 15 minutes. The cell pellet was then lysed to detect the presence of 

the recombinant protein. The PI viral stock was then amplified twice to generate a P3 

viral stock. The titers of the viral stocks were determined by performing plaque assays. 
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Typically, the titer for a P3 viral stock should reach above 10 pfu/ml, which was 

adequate for protein expression. The recombinant baculovirus were stored at 4°C. 

Recombinant CP was expressed in insect cell by infecting Spodoptera frugiperda 

(Sf21) cells (1.0 x 106 cells/ml) with the recombinant baculovirus at a multiplicity of 

infection (MOI) of 5. The infected Sf21 cells were incubated for 48 hours at 27°C post

infection. The harvested insect cell pellet was sonicated in lysis buffer (same as that for 

the E. coli. cells, but with no lysozyme added). The lysate was separated into a 

supernatant and a pellet by centrifugation at 25,000xg for 30 minutes. Our preliminary 

tests detected over-expressed HEV-CP in the supernatant. A similar expression level was 

observed regardless of the position of the fusion tag. 

2.3 Purification of HEV-CP 

Protein purity and homogeneity are prerequisites to successful crystallization. A 

purification scheme was developed by exploiting the physical and biochemical properties 

of HEV-CP. A six-histidine tag was added to CP in order to facilitate the initial extraction 

of the protein from the insect cell lysate. A Ni-NTA affinity column was used to bind the 

His fusion tag in the first purification step (Figure 2.2, E4-E6 for HEV-CP). As 

mentioned before, the first 111 N-terminal residues of HEV-CP contain a high density of 

positively charged residues and may be involved in RNA encapsidation. The removal of 

this region should abolish RNA binding. Indeed, when applied to a Heparin (a 

DNA/RNA homolog) affinity column, the HEV-CP was eluted in the flowthrough 
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Figure 2.2 SDS-PAGE showing the 
elution profile of the HEV-CP from a 
Ni-NTA gravity column. F is the 
flowthrough fraction. M is the protein 
ladder, with the corresponding weights 
labeled. W is the wash fraction (with 5 
mM immidazole). E1-E8 are the eluted 
fractions (with 250 mM immidazole). 
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Figure 2.3 The elution profile of the HEV-CP from a HiTrap Q ion-exchange column. 
HEV-CP is eluted with increasing concentration of NaCl, starting at around 15% of 
Buffer B (which contains 1M NaCl, 25 mM Tris-HCl, pH 7.5, 7% glycerol, and 5 
mM P-mercaptoethanol). The SDS-PAGE (lane 6-17) corresponds to each eluted 
fraction on the chromatogram. LI is the combined eluted Ni-NTA fractions of the 
HEV-CP. L2 is the flowthrough fraction of a Hi-Trap Heparin column . M is the 
protein ladder, with corresponding weights (50 kD, 60 kD, and 70 kD) labeled. 
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fraction (Figure 2.3, L2) and appeared to be highly pure (compared to the Ni-NTA eluted 

protein in Figure 2.3, LI). Additional columns were employed to further assure the 

physical homogeneity of HEV-CP. With a theoretical pi = 5.88, an anion-exchange (Q) 

column was used to select the negatively charged HEV-CP (Figure 2.3, lane 7-9). The 

final step of purification was a gel-filtration column, which separates proteins based on 

their molecular weight and physical conformation. Similar to previous findings (Li et ah, 

2005a; Xiaofang et al, 2001), HEV-CP dimerized and eluted at the expected position of 

-107 kD (Figure 2.4), with no sign of higher molecular weight peaks corresponding to 

VLPs (which should appear in the void volume). The purified CP was at least 95% pure 

as indicated by SDS-PAGE and appeared as homo-dimers in the un-boiled sample 

(Figure 2.4, lane 1-10, boiled; lane 11, un-boiled). This result suggests that the dimeric 

interaction was strong enough to withstand denaturation by 2% SDS. The protein 

concentration was determined by UV-Vis spectroscopy (Abs28o) and the protein was 

concentrated to 10 mg/ml for crystallization. The HEV-CP was stored at 4°C in buffer 

containing 25 mM Tris-HCl, pH 7.5, 200 mM NaCl, 7% glycerol, 5 mM p-

mercaptoethanol and a lx protease inhibitor cocktail tablet (Roche). Typically, for each 

liter of Sf21 cells, approximately 25 mg of pure HEV-CP were obtained. 

2.4 Probing the domain structure of HEV-CP by limited proteolysis 

Features such as structural rigidity and biochemical stability of a protein are 

essential for its successful crystallization. In the absence of an NMR or crystal structure, 

limited proteolysis is an important tool for gaining information on the domain 
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Figure 2.4 The elution profile of the HEV-CP from a S-200 gel filtration column. 
HEV-CP is eluted as a single molecular species at the -100 kD position, close to the 
107 kD molecular weight calculated for HEV-CP dimer. In the Coomassie-stained 
SDS-PAGE, lanes 1-9 are peak fractions from the gel filtration column. Boiled HEV-
CP sample (lane 10) has a molecular weight of-55 kD, whereas unboiled HEV-CP 
(lane 11) has a molecular weight of-110 kD, indicating that the HEV-CP dimer is 
stable and remain associated in the sample buffer containing 2% SDS. 
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arrangement and the flexible structural parts of large proteins. For example, we have 

previously identified the two structural domains of the influenza virus PA subunit via 

limited proteolysis (Guu et ai, 2008). The crystal structures of both domains were solved 

shortly afterwards (Dias et al, 2009; He et al, 2008b; Obayashi et al, 2008; Yuan et al, 

2009). Similar limited proteolysis was also performed on the HEV-CP using 

chymotrypsin and trypsin. The HEV-CP was digested by proteases of various 

concentrations, ranging from 1:1 to 1:1000 ratios of protease:HEV-CP, in mg/ml, for 15 

minutes at 20°C. Digestion was terminated by adding PMSF (final concentration 17 

ng/ml) and boiling at 95°C for 5 minutes in an equal volume of the SDS sample buffer 

(100 mM Tris-HCl, pH 6.8, 20% glycerol, 0.4% SDS, 0.001% bromophenol blue). For 

chymotrypsin digestion, the HEV-CP remained relatively intact even at a one-to-one 

protease-to-protein ratio (Figure 2.5, lane 6). However, as the concentration of trypsin 

increased, a truncated fragment, 5 kD less than the HEV-CP mass, emerged (Figure, 2.5, 

lane 7-12). We then used an anti-tetra-His antibody (Qiagen) to assess which part of the 

HEV-CP was removed by trypsin. The western blot result showed that the trypsin 

digestion occurred at the HEV-CP N-terminal region, since the His-tagged C-terminus 

was still recognized by the anti-His antibody following proteolysis (Figure 2.5, right 

panel). Similar findings were verified by digesting the N-His-tagged HEV-CP and 

subjecting it to a His-Trap affinity column; a trypsin truncated protein was eluted in the 

void volume. The truncated protein was also purified to comparable purity as HEV-CP 

for crystallization. 
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Figure 2.5 Limited chymotrypsin and trypsin digestion of the C-His tagged HEV-CP. 
(a) Left panel is the SDS-PAGE. (b) Right panel is the anti-His western blot. HEV-CP 
was digested by different concentrations of chymotrypsin and trypsin (L1-L6 and L7-
L12 corresponding to ratio 1:1000, 1:500, 1:250, 1:100, 1:10, 1:1, protease-to-protein 
ratio in mg/ml) at 20°C for 15 minutes. LI3 shows the undigested full-length HEV-
CP. 
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CHAPTER III. CRYSTALLIZATION AND DATA COLLECTION 

Under favorable physicochemical conditions, many molecular substances, 

including proteins and viruses, crystallize. During the crystallization process, the 

homogeneous molecules adopt one or a few orientations and form an ordered three-

dimensional array, held together by non-covalent bonds. Typically, macromolecules 

crystallize through slow and controlled precipitation from aqueous solution under 

conditions that do not cause irreversible denaturation. Substances that drive the 

precipitation of proteins are called precipitants. Ionic compounds (salts) precipitate 

proteins via "salting out", or taking water molecules "away" from the proteins. In a 

similar fashion, polyethylene glycol (PEG) competes with proteins for water, causing 

dehydration and precipitation. In general, a protein is mixed with a precipitant to reach a 

super-saturated state. At the labile zone of super-saturation, under favorable 

crystallization conditions, the nucleation of proteins spontaneously occurs, forming the 

initial microscopic crystalline clusters. Subsequently, the tiny nuclei may grow to full 

size crystals at the metastable zone of super-saturation. However, if the supersaturation is 

too high, proteins may precipitate or denature, forming amorphous aggregates. The 

"precipitation zone" is unfavorable for crystallization. The process of protein 

crystallization is summarized in the phase diagram (Figure 3.1; Asherie, 2004). Since 

crystallization is a delicate process, any slight change (e.g., vibration, temperature, buffer 

conditions, etc.) can affect the numbers of nuclei formation and the rate of crystal growth, 

resulting in amorphous precipitation, poor quality crystals or no crystal at all. 
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Figure 3.1. Phase diagram depicts the solubility of protein as a 
function of precipitant concentration (Asherie, 2004). 

In addition to these external factors, a comprehensive understanding of the 

intrinsic properties of the protein subject is crucial for crystallization. Many times, 

acquiring this understanding requires extensive manipulation of the protein. Some 

considerations that have shown promise in the past include: (1) protein stability; (2) 

position of the fusion tags; (3) removal of the flexible regions of the proteins; (4) protein 

constructs prepared from diverse strains; (5) isolation of a particular structural domain; 

(6) mutation of certain residues; and (7) complex with ligands and other macromolecules. 

Therefore, for our initial crystallization effort, four highly purified HEV-CP samples were 

prepared: N-terminal 6x-His tagged protein, C-terminal 6x-His tagged protein, non-

tagged protein, and a 50 kD trypsin-truncated fragment. 
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3.1 Crystallization screening 

Finding the best crystallization condition is at times comparable to searching for 

needles in a haystack. Large-scale batch screening of multiple conditions is often 

implemented to determine the initial crystallization conditions. The development of high-

throughput crystallization robots and the availability of commercial screening kits have 

significantly shortened the time and the amount of protein needed for such an 

undertaking. The 96-well screen trays used our automated robot (Hydra II plus) mimic 

the sitting-drop method. The reservoir (well) takes 100 ul of reagent (i.e., mother liquor), 

and a small depression on its upper edge accommodates an equal volume mixture of 

protein and mother liquor (0.5-1.5 ul each). Once the tray is completely set up by the 

robot, a clear tape is overlaid to allow vapor diffusion between the mother liquor and the 

sitting drop. Each commercial screen kit from Qiagen contains 96 reagent conditions 

grouped based on different variables such as the salt content (cation/anion suite) and pH 

(pH Clear suite), size of the organic polymers (PEG suite), as well as reagents effective 

for crystallizing a particular group of proteins (MbClass suite for membrane proteins). 

For our four HEV-CP proteins, Qiagen Screening Suites (AmSCu, Classics, Classics-Lite, 

pHClear I & II, MbClass I & II, MPD, Anions, Cations, PEG, and Cryos) and Hampton 

Screening kits (Index HT, Crystal Screen HT, and SaltRX) were used in our initial 

screens. Several "hits" were observed in the 96-well trays. 

These preliminary "hits" were then replicated in 24-well trays using hanging drop 

diffusion, which is the most common method of crystallization. Similar to sitting drop, a 
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hanging-drop tray consists of a reservoir (typically 1 ml of mother liquor) and a hanging 

drop, containing a mixture of equal volume of protein and mother liquor on a coverslip 

that is sealed on top of the reservoir with grease. It is common that many preliminary 

"hits" cannot be reproduced. In our study, only C-terminal His-tagged HEV-CP 

crystallized in our preliminary screens, and several conditions were able to produce 

crystals of different morphologies (Figure 3.2, a-d) in the 24-well hanging-drop trays: 

cube (0.1 M Bis-Tris, pH 7.0, 1.6 M Li2S04), cylinder (0.1 M sodium cacodylate, pH 6.5, 

1.6 M Li2SC>4 with addition of additives from Hampton screen), hexagonal plate (0.1 M 

sodium cacodylate, pH 6.5, 1.6 M LiaSO,*) and tear-shaped crystals (1.5 M 

sodium/potassium phosphate, pH 5.5 or 0.1 M sodium acetate, pH 5.5, 1.85 M sodium 

formate). Among these crystals, those with the hexagonal plate morphology showed 

promise with an initial diffraction of between 8 and 10 A, but they were very thin and 

brittle. 

Figure 3.2. Different morphologies of the C-His tagged HEV-CP 
crystals in different reagents. 
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3.2 Crystal optimization 

It is rare that preliminary conditions can produce crystals of sufficient quality for 

high-resolution diffraction. Thus, variations of the crystallization conditions are often 

performed to improve crystal quality. Several factors are important for crystal 

optimization: pH, temperature, precipitant or protein concentration, precipitant type, 

volume ratio between protein and mother liquor, size of the hanging drop, and rate of 

vapor diffusion. Optimizing these factors based on the preliminary "hit" is generally 

accomplished by performing a two-dimensional screen on the 24-well hanging-drop 

trays, e.g., precipitant concentration vs. buffer pH. Once an improved "hit" condition is 

determined, the addition of additives to fresh or pre-equilibrated (overnight) hanging drop 

can sometimes make a big difference in producing high quality crystals. The additives 

screen (Hampton) contains small molecules that manipulate protein-protein and protein-

solvent interactions, alter solubility, and improve crystallization. In addition, the 

detergent screen (Hampton) seeks to prevent non-specific aggregation by manipulating 

the hydrophobic protein-protein interactions. During the course of optimization, 

detergents (n-hexadecyl-P-D-maltoside, n-tetradecyl-P-D-maltoside, and n-tridecyl-P-D-

maltoside) made a tremendous improvement on the size and the thickness of our crystals. 

Nonetheless, the time required to grow a full-size crystal generally took about two to 

three months, which posted a serious constraint on our optimization endeavor. 

Since crystals can only grow upon nuclei, introducing nuclei ("seeds") into the 

hanging drop may speed up the crystallization process. In addition, by introducing the 

36 



right amount of seeds into the drop, the number of crystals can be manipulated for 

optimal crystal growth. Hence, fewer but bigger and better quality crystals can be 

produced. This careful introduction of the "right" amount of seeds is achieved by serial 

dilution of seeds obtained by crushing existing crystals. There are two commonly 

practiced microseeding methods: streaking and crush-seeding. For streaking, a cat 

whisker is used to touch the surface of a crystal and immediately passed through a series 

of overnight pre-equilibrated drops. The nuclei (of the poor quality crystal) trapped by the 

cat whisker are released (and diluted) with each sequential drop, from high to low seed 

concentration. Crush-seeding works in a similar fashion. A poor quality crystal (placed in 

10 ul of mother liquor) is crushed with a bead (Hampton) by vortexing. These finely 

crushed crystals (i.e., the "seeds") are then serially diluted by mother liquor (5X, 25X, 

125X, 625X, 3,125X, and 15,625X as shown in Figure 3.3). Different concentrations of 

crushed-seed solution (0.2 ul) are then applied to overnight pre-equilibrated drops. As a 

result, the drop containing the highest concentration of nuclei gives rise to numerous tiny 

crystals (Figure 3.3 a); the drop with the fewest nuclei produces just a few large crystals 

with an improved thickness (Figure 3.3 f). With seeding, only half of the time is needed 

to grow a full-size crystal (1-2 months). Together with the addition of detergent, I am 

able to grow large crystals of 0.4 mm x 0.4 mm x 0.1 mm with smooth and clear surfaces 

and sharp edges (Figure 3.4). At synchrotron source radiation, only these large and thick 

crystals are able to diffract to 3.5 A (small and thin crystals only diffract to 8 A). 
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Figure 3.3. Crush-seeding results. Serial dilution of seeds, (a) 5X, (b) 25X, (c) 125X, 
(d) 625X, (e) 3125X, and (f) 15625X, and the corresponding crystal growth. 

Figure 3.4. Optimized HEV crystals, (a) An optimized crystal as the result 
of crush-seeding and detergent additition. (b) A crystal in the cryo-loop 
taken during data collection. 
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3.3 Cryocrystallography 

Cryocrystallography (crystallography at low temperature, e.g., 100 K) has become 

a common practice because of its several advantages. First, lowering the temperature 

theoretically reduces molecular thermal disorder, and hence improves diffraction by 

alleviating resolution-dependent decay of reflection intensity. Second, flash-frozen 

crystals are easier to store and transport (in liquid-nitrogen-filled dewars), especially for 

data collection at synchrotron. In addition, many high quality crystals, whether used or 

unused, can preserve their quality for future use by the elimination of oxidation or other 

types of chemical modification at the extreme low temperature. The last and perhaps 

most important advantage is the minimization of radiation damage to the crystals inflicted 

by their long exposure to X-rays during data collection. This allows for complete data 

collection from a single crystal, since at times there are variations between different 

crystals and merging data sets from different crystals can be problematic. The variation 

among crystals may be contributed by microscopic mosaicity. Instead of perfectly 

ordered crystalline lattice, crystals often consist of many small arrays of rough alignment 

with each other. This imperfect crystalline arrangement can cause mosaic spread in 

diffraction patterns (See discussion in 3.4.2). If the mosaic difference is pronounced, 

diffraction data from two crystals cannot be merged together. Thus, cryocrystallography 

maximize the prospect of collecting a more complete data set with fewer crystals. 

Freezing protein crystals at low temperature may be damaging due to the formation of ice 

crystals. Thus, finding a suitable cryoprotectant for the protein crystal is essential to 

preserve its quality and integrity. Poor cryoprotectants can cause cracks (destroying the 
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ordered crystalline lattice), the formation of salt or ice crystals, dissolution of protein 

crystals, and poorer diffraction compared to that at the room temperature. Some of the 

most commonly used cryoprotectants include glycerol, ethylene glycol, low molecular 

polyethylene glycol (PEG), sugars or xylitol, and some specific salts at high 

concentration. 

Several cryoprotectants were prepared for our HEV-CP crystals: glycerol, 

ethylene glycol, and PEG400. Protein crystals were transferred from the hanging drop to 

cryoprotectant using an empty loop. No visible damage was observed on the crystals after 

half a minute. If there were slight cracking or damage, a gradual transferring of crystals 

from low to high concentration of cryoprotectant would alleviate such damage. The 

crystal/cryoprotectant was then flash-frozen under a nitrogen stream. An ideal 

cryoprotectant should produce a clear, film-like appearance around the crystal. Any sign 

of opaqueness indicates the formation of ice and is not a suitable candidate for 

cryoprotectant. Among the cryoprotectants tested, 15-25% (v/v, cryoprotectant/well 

solution) of glycerol/ethylene glycol/PEG400 remained clear upon flash-freezing. The 

cryo-crystals were initially test shot with using our home X-ray source (an R-axis IV++ 

detector using a rotating copper anode with a wavelength of 1.54 A and Osmic Mirrors), 

and they were found to diffract to 4-5 A with minimal interference of an ice ring. The 

crystals reserved for synchrotron data collection were prepared in cryoprotectants, 20% 

of glycerol and ethylene glycol, and flashed frozen in liquid nitrogen. 
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3.4 Data collection for HEV crystals 

When a crystal is exposed to parallel and monochromatic X-rays, molecules in 

this regularly packed three-dimensional lattice scatter the incoming X-rays in certain 

discrete directions to produce detectable diffraction spots. Diffraction occurs only when 

Bragg's law is met. W. L. Bragg visualized that sets of parallel and equivalent planes of 

lattice points exist in a crystal, with an interplanar spacing dhki- Diffracted beams only 

emerge when there is constructive interference, where the incoming electromagnetic 

wave strikes and reflects from the plane at an angle 9, and that 0 must satisfy the 

condition 2dm sin 6 = nA*-ray (n is an integer) (Figure 3.5, Rhodes, 2006). 

The reflections of a crystal can be reconstructed by arrays of reciprocal lattice 

points, which follow Bragg's law. When rotating a crystal in the X-ray beam, we 

effectively bring its reciprocal lattice points into contact with the sphere of reflection, 

also known as the Ewald sphere (Figure 3.6, Rhodes, 2006), with a radius of 1A. (if the 

wavelength of the X-ray is X in real space, it is 1A in reciprocal space). Thus, the 

diffracted beam R produces a reflection spot (which is captured by the detector) 

corresponding to the reciprocal lattice point, e.g. 012 in Figure 3.6. The objective of 

oscillation data collection is to rotate the crystal in such a fashion as to maximize the 

capture of unique reflections; in other words, bringing as much of its entire reciprocal 

lattice to intersect the Ewald Sphere. A complete data set requires that every reciprocal 

lattice points, or the symmetry-equivalent ones, intersect with the Ewald Sphere during 

the whole data collection process. 
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Figure 3.5. Bragg's law showing the condition at which 
the diffraction occurs (Rhodes, 2006). 

Figure 3.6. The Ewald sphere . The reciprocal lattice point 012 (of 
the 010 plane) intersects the sphere, and produces a diffracted ray R 
(Rhodes, 2006). 
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Our preliminary diffraction data analysis indicated that our crystals have P63 

space group with a cell dimension of -240 A x -240 A x -520 A. This huge cell 

dimension is unusual for a dimeric protein of-100 kD. Thus, we suspected that dimeric 

CP may self-assemble into a VLP during crystallization. A symmetry search using 

General Locked Rotation Function (GLRF) confirmed our suspicion (Tong and 

Rossmann, 1997) (see discussion in 4.3). 

3.4.1 Challenges and advantages of virus crystallography 

Two of the more notable challenges of crystallizing viruses are the homogeneity 

of the virus sample and the data collection/data analysis. It is not uncommon that 

different sizes of virions are generated in vivo. As with other macromolecules, an 

inhomogeneous sample poses a grave hurdle to crystallization. However, since HEV-CP 

can be over-expressed and purified to a dimeric population, heterogeneity is not a 

concern. Our major challenge is to collect sufficient high resolution diffraction data to 

solve the structure. Compared to proteins, viruses have a massive size/mass (with a 

molecular weight ranking in mega Daltons, compared to kilo Daltons for proteins), thus 

often giving rise to crystals with very large unit cell dimensions. Larger unit cells contain 

more atoms and thus more information. Since real space is inversely proportional to 

reciprocal space, a large unit cell occupied by a virus translates to a small reciprocal unit 

cell, thus, densely populating the numbers of reflections needed to be measured. As a 

result, reflection spots have a greater tendency of overlapping, and their intensity is, on 

average, several thousand times weaker. These problems make collecting high resolution 
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diffraction data, which are generally weak, even more challenging, (reviewed in Chiu and 

Rixon, 2002; Fry et al, 1999; Stuart et al, 1999). 

However, the intrinsic icosahedral symmetry of many spherical viruses allows for 

the use of non-crystallographic averaging (NCS), a very powerful tool to improve the 

quality of an electron density map. It is common for crystals to contain more than one 

protomer (monomer or complex) in an asymmetric unit (the smallest unit volume of a 

crystal structure to which crystallographic symmetry can be applied in order to generate 

the entire unit cell). These protomers have identical conformations and are related by 

NCS (such as the five-fold, three-fold, and two-fold symmetry in an icosahedron). 

Knowing the NCS operators and the boundary that defines each protomer, we can 

average the electron density map of these protomers. Averaging is achieved by 

superimposing the electron density surrounding each protomer, followed by averaging at 

every grid point - by summing the density over N copies, then dividing by N. As a result, 

the signal-to-noise ratio of the electron density map is improved (Kleywegt and Read, 

1997). This improvement is essential for extracting crucial phase information from the 

initial (poor) low resolution density map during the phase extension step (elaborated in 

detail in 4.5). In addition, the high degree of NCS symmetry means oversampling of the 

same reflections; therefore, a smaller oscillation range (and fewer frames) is needed to 

collect a sufficient data set. 

To overcome the weak reflection spots commonly observed for virus crystals, 

synchrotron source radiation is needed, as it can produce more intense (one thousand-fold 
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more intense than our home source), monochromatic, better focused, and nearly parallel 

X-ray beams. Our data collection was performed at the Advanced Photon Source (APS) 

(Argonne National Laboratory, Lemont, IL) SBC-19-ID beamline with a wavelength of 

0.97934 A using a 3 x 3 mosaic CCD detector (ADSC Quantum 315). Diffraction data 

were also collected at the Cornell High Energy Synchrotron Source (CHESS) (Cornell 

University, Ithaca, NY) Fl beamline with a wavelength of 0.91790 A and using a dual 

ADSC Quantum-4 CCD detector. All collections were conducted at 100 K using a 

nitrogen cryo-stream. 

3.4.2 Data collection strategy 

We aim to achieve several objectives in our data collection. First, diffraction 

spots at high resolution range, 3.5 A and beyond for viruses, are desired. These high 

resolution reflections must be well-separated and of sufficient intensity. Second, low 

resolution reflections need to be collected if a cryo-EM reconstruction is used as an initial 

phasing model, which typically is calculated with data from low 10 A to 200 A. These 

low resolution reflections are important in order to determine the correlation between the 

observed crystallographic data and the initial EM model. Last, we strive to collect as 

complete a data set as possible by minimizing the number of crystals used. Missing 

reflections and data of low completeness introduce errors in structural determination. 

Since crystals decay (even at 100 K) with prolonged exposure to X-rays, diffraction data 

of different crystals may be collected and merged. However, due to variation between 

crystals (despite having been grown in the same condition), merging data sets from 
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different crystals can be problematic and doing so may increase the overall Rmerge (a 

statistical indicator showing how well the individually observed reflections agree with the 

averaged and symmetry-related reflections for a particular space group). To achieve these 

objectives, several experimental parameters come into consideration during collection. 

Exposure time 

The amount of time to expose a crystal to X-ray beams is determined by 

considering both intensity and radiation damage. For a virus with dense and weak 

reflection, especially in high resolution shells, long exposure time is preferred in order to 

improve the signal-to-noise ratio (I/a). However, excessive exposure to X-rays is time 

consuming and can cause rapid crystal decay, resulting in incomplete data collection. 

Long exposure also produces over-saturated spots, making the optical density reading on 

the detector unreliable, although this is not a consideration here. For our home source, an 

exposure time of 20 minutes is much too short. With intense and focused synchrotron 

radiation, exposure time of only a few seconds is sufficient (10 seconds of exposure time 

is used at APS). Therefore, a complete data set can be collected within an hour or two, as 

compared to weeks at home. 

Detector distance 

There are three factors to consider in terms of setting the optimal distance 

between the crystal and detector: the resolution of the diffraction, the spatial separation of 
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the reflection spots, and the absorption of the X-rays by air. A shorter detector distance 

allows the capture of high resolution spots, but can produce overlapping spots. This is 

especially problematic when the unit cell is large, e.g., a virus, where the reciprocal 

lattice is closely spaced. While moving the detector away from the crystal minimizes 

overlapping reflections, measuring high resolution data becomes challenging. Balancing 

resolution and spatial separation of reflections must be carefully evaluated. In the case of 

measuring low resolution reflections (50 A and beyond), it may be necessary to use a 

helium box to lessen the absorption of X-rays by air for an extremely long detector 

distance. At APS, a 400 mm detector distance was sufficient to produce well-resolved 

diffraction spots to 3.5 A. It is, however, unfortunate that we did not collect enough low 

resolution reflections by exploring longer detector distances due to my inexperience at 

the time. Consequently, the low resolution limit of our crystal diffraction extends only to 

60 A. This might have caused serious problems in phase extension, as discussed in 4.5.3 

and 4.5.4. 

Oscillation angle 

For any single exposure, the crystal is rotated back and forth at a small angle 

(phi), the oscillation angle. The larger the oscillation angle, the more reflections can be 

collected at a single exposure. However, large oscillation angles are prone to producing 

overlapping reflections. The proper size of the oscillation angle depends on the unit cell 

dimensions and also the mosaicity of the crystal. According to Denzo, mosaicity is 

defined as the rocking angle, in degrees, in both the vertical and horizontal directions, 
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which would generate all the spots seen on a still diffraction photograph. In other words, 

mosaicity describes how wide the reflection spots spread vertically on a single frame and 

horizontally across sequential frames. Low mosaicity indicates a well ordered lattice, 

while high values suggest variations in the orientation or position of well-ordered blocks 

(mosaic blocks, consisting of many unit cell repeats) inside the crystal. High mosaicity 

can reduce the completeness of a given data set, since many overlapping spots would be 

discarded during data processing. Preliminary test shots showed our HEV crystals have 

high mosaicity (0.6-1.2), which can be compensated for by a smaller oscillation angle 

(0.3-0.5 degrees), but a smaller oscillation angle runs the risk of collecting partial 

reflections. Finding an appropriate oscillation angle that can collect full and low mosaic 

reflection spots requires careful testing. For HEV, a 0.5 degree of oscillation angle was 

adequate to achieve both objectives. 

Oscillation range 

The oscillation range is how many degrees a crystal is rotated (or how many 

image frames are collected) before terminating the data collection. As mentioned before, 

our goal is to rotate the crystal so that the majority of its entire reciprocal lattice can 

intersect the Ewald sphere. The higher the degree of the oscillation angle, the more 

complete the data, and the higher the redundancy. The oscillation range is dictated by the 

space group symmetry and crystal orientation. Typically, 180 degrees can assure 100% 

completeness. However, due to time restraints and potential radiation damage, smaller 

oscillation ranges are preferred. In order to capture as many high quality unique 
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reflections as possible, a few test images (usually with oscillation angles of 0, 45 and 90 

degrees) were taken to check the space group of the crystal, the quality of the diffraction 

pattern/spots, and the highest resolution shell. Based on these preliminary images, 

programs like HKL2000 (Otwinowski and Minor) can predict the oscillation range 

needed to achieve a desired level of completeness. 

Orientation of the crystal 

The orientation at which a crystal sits in the cryo-loop can determine the 

oscillation range and the severity of overlapping reflections. This is especially true for 

crystals with an extremely long axis. HEV crystals have a P63 space group with a cell 

dimension of a = 241.1 A, b = 241.1 A, and c = 519.9 A. The hexagonal space group is 

indicative of the hexagonal shape of the HEV crystal (Figure 3.4), with its long c axis 

corresponding to the height (thickness) of the crystal. It is preferable to align the longest 

unit cell axis with the crystal rotation axis (spindle axis), so as to reduce overlapping 

reflections and improve completeness/redundancy of data collection. However, such a 

maneuver has proven to be challenging when using an elliptically shaped cryo-loop due 

to surface tension. Nonetheless, with many crystals being screened at APS and CHESS 

(60-70 in total and all randomly oriented), we were able to collect several full data sets 

with good mosaicity and completeness. 
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Other considerations 

Another technique that is commonly practiced to improve diffraction quality and 

remove ice formation in the cryoprotectant is cryo-annealing. This is usually done by 

blocking the cryo-stream from reaching the mounted crystal, allowing the crystal in the 

cryoprotectant to melt temporarily, followed by immediate flash-freezing. This procedure 

may alleviate tension that was introduced during the prior freezing process and allow a 

better local arrangement of the crystalline lattice for better diffraction. This procedure, 

however, was found to have little effects on HEV crystal diffraction. 

3.5 Diffraction data processing 

The observed diffraction data were recorded as raw image files (.img or .osc files) 

of different format depending on the detector type. These data must be indexed, 

integrated, and scaled in order to obtain the three dimensional reciprocal space indices (h, 

k, 1), their corresponding diffraction intensity (I) over the estimated error in intensity (a). 

Essentially, data processing/reduction is an image processing procedure, and is 

accomplished using HKL2000, which consists of XdisplayF, Denzo, and Scalepack. 

XdisplayF provides visualization of the raw diffraction pattern. Denzo is used to 

determine/refine the crystal and detector parameters, to index the diffraction pattern, and 

to integrate the diffraction maxima. Finally, Scalepack determines the relative scale 

factors between measurements, refines crystal parameters based on the entire data set, 
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merges the scaled measurements based on the space group symmetry, and generates the 

final statistics. 

A brief description of data reduction is presented below. First, beam position and 

data resolution range must be specified. A random reference image is selected for initial 

indexing, which generated a list of Bravais Lattices. Generally, the Bravais Lattice with 

the highest symmetry and acceptable/lowest distortion index (less than 1% and 

highlighted in green) is selected to refine the crystal and detector parameters. During 

refinement, it is important to monitor whether the observed peaks coincided with the 

predicted peaks (agreement of peaks shown in yellow for partial reflections and cyan for 

full reflections; discarded reflections shown in red). The ^ (X, Y and partiality) should 

approach 1.0 as refinement progresses. Appropriate box and spot sizes are also 

determined to minimize overlapping and reducing background noise. Once the reflection 

spots on the reference image are properly fit, the rest of the images are integrated using 

the refined parameters. Upon completion, the reduced reflections from all images are 

scaled and merged together using Scalepack. A log file containing crucial statistics 

should be carefully examined: (1) Rmerge- A typical Rmerge for a protein is less than 10% 

overall and less than 40% at the highest resolution shell. However, due to the possibility 

of NCS averaging, the Rmerge requirement can be more generous for viruses - low 20% 

overall and around 50% at the highest resolution shell; (2) Completeness. 90% 

completeness is desirable, and 80% is the minimum for protein crystals. Due to 

oversampling of virus reflections, a much lower completeness, 60%, is adequate for 

structural determination; (3) I/a. A higher signal-to-noise ratio is preferred. The 

51 



resolution bin cutoff is defined where the average If a value approaches 2; (4) 

redundancy. It is the average number of independent measurements of each reflection in a 

given data set. The higher the redundancy, the more accurate the data is. In addition, the 

accurate unit cell parameters are determined by using appropriate postrefinement 

protocols. Certain symmetry elements (e.g. screw axes, and glide plane) of a unit cell can 

cause specific reflections to be missing systematically. These systematic absences are 

important indicators to determine the space group of a unit cell. For example, the Bravais 

lattice of our HEV crystal is primitive hexagonal, which contains six point groups, 3, 312, 

321, 6 and 622, each with several space group candidates. To determine the exact space 

group, tests should be carried out from low to high symmetry Laue group. A correct point 

group should have an acceptable %2 ano< Rmerge value (no dramatic increase in the 

numbers). The log file following scaling/merging of a particular space group should 

contain a list of possible missing reflections due to systematic absences associated with 

crystal translational symmetry. Comparing this list with the reflection conditions of each 

possible space group in the HKL2000 manual allows us to determine the appropriate 

space group of our crystal. In conclusion, HEV has a reflection condition of (0, 0, 2n) in 

the point group 6; thus, its space group is P63. Finally, the log file of scalepack should 

contain the R-factor and x for individual frames. The overall and individual-frame x 

(goodness of fit) should be close to 1 by adjusting the error model and error scaling factor 

(1.8 in our case). Frames with substantial high R-factor and x2 should be excluded in 

order to improve the overall statistics. 
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3.5.1 Challenges associated with data processing 

Low resolution reflections 

Insufficient low resolution reflections were collected during our APS trip due to 

relatively short detector-to-crystal distance. Thus, I attempted to extract as many low 

resolution reflections as possible from the data sets collected at 400 mm detector 

distance. Since the beam-stop used to block direct X-ray beams was large, a significant 

number of low resolution reflections were not recorded. Yet, some of the low resolution 

spots could be recovered by carefully defining the beam-stop shadow in HKL2000, 

which under some circumstances obscured and rejected potential diffraction spots. The 

precise beam-stop position can be defined in the "Blind Region" dialog box. 

Anisotropy 

Diffraction anisotropy is a phenomenon where there is a directional/rotational 

dependence on diffraction quality. Although the majority of diffractions in a full data set 

reached 3.5 A, we noticed that many image frames contained reflections only to 7 or 8 A 

(these accounted for about 30-40 % of total frames) (Figure 3.7). The high resolution 

reflections went missing when the crystal was rotated to certain angles, but reappeared 

afterwards. When I indexed, scaled, and merged all frames together, the HKL2000 had to 

discard the reflections of the highest resolution shell (3.5-4.0 A) due to exceedingly high 

R factors. In order to retain these precious high resolution data, I carefully screened 
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Figure 3.7. Diffraction anisotropy. The diffraction spots reached 3.5 
A at one angle, but disappeared at another. 
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through all the frames and divided the data set into subsets, e.g. 60-8 A and 60-3.5 A. I 

then indexed and integrated them as two separate groups, but scaled and merged them 

together at the end. The dimensions of the P63 unit cell determined from this mixed high-

and-low resolution set were a = -240 A, b = -240 A, and c = -515 A. However, the unit 

cell dimensions derived from the 60-3.5 A subset only were a = -241 A, b = -241 A, and 

c = -520 A. There was a remarkable difference in the length of the c-axis, nearly 1 %. In 

order to avoid potential complications in future structural determinations, only frames 

with diffractions to 3.5 A were selected for data reduction. To compensate for the loss in 

data completeness (nearly half of the total frames were removed), reduced data (.x or .sea 

files) from different crystals were scaled and merged together. 

Merging data from different crystals 

As mentioned above, merging data from different crystals is not recommended, 

but it may be necessary in some circumstances. One of the complications with merging 

different data sets is re-indexing, which is the re-assignment of reflection indices so the 

unit cell axes of the two crystals can exactly match. The prospect of re-indexing is 

especially important for data sets that are collected and processed independently, since 

Denzo, when encountered with a choice of more than one possible indexing convention, 

makes a random choice. As a result, the x2 and Rmerge of the merged data are very high. 

For example, our HEV crystal has a P63 unit cell, where axis a is equal to b (but not c), 

but the (molecular) contents around the a and b axes are very different. When assigning 

indices for reflections, Denzo cannot distinguish whether indexing and integration should 
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proceed from a-to-b or b-to-a convention. When merging the two data sets, which are 

processed in different conventions, the reduced reflection data become incoherent and 

erroneous. This discrepancy, however, can be remedied by specifying the "HKL matrix" 

in the scalepack script. However, if both data sets are processed in the same convention, 

merging them should not be a problem, provided that the crystals are isomorphous and 

there is no significant variation in crystal packing among crystals. Among the four full 

data sets that we collected, the high resolution frames of two of them were strictly 

selected, processed, and merged together. The final statistics appear to be satisfactory and 

are shown in Table 1. 

Table 1. Diffraction data statistics 

Data Collection 

Space group 

Unit cell dimension (A) 

Resolution (A) 

Total no. of frames 

Total no. of reflection 

Unique reflection 

I/O 

Redundancy 

Completeness (%) 

Emerge 

P63 

a, b = 241.1, c = 519.9 

60-3.5 

239 from two crystals 

5,236,044 

214,958 

11.5(2.9) 

6.9 (6.5) 

93.7 (92.8) 

20.9 (67.6) 

The numbers in parentheses are for the highest resolution shell. 
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CHAPTER IV. CRYSTAL STRUCTURE DETERMINATION 

4.1 The phase problem 

Apart from obtaining diffractable crystals, determining the phase angle of X-rays 

is the most challenging task for a crystallographer. Since the electromagnetic wave of an 

X-ray is a periodic function, and like all other periodic functions, the electron density, p 

(x, y, z), can be represented by a Fourier sum: 

/>(*. y. z) = £ £ £ £ \Fhki\e-^hx+k>+h-^ 
h k I 

where Fis the volume of the unit cell; h, k, and / are the Miller indices of a reflection hkl; 

and \Fhki\ and a \u are the amplitude and phase angle (two components that make up the 

structure factor) of each reflection. In other words, the electron density is the Fourier 

summation of the structure factors of all reflections of a crystal, and it is a function of the 

amplitude and phase angle of each reflection. The diffraction data recorded on the 

detector, however, contain only the amplitude (or intensities). The phase angles, i.e. the 

positions of the waves, are missing. Three methods are commonly used to obtain the 

phase information: multiple isomorphous replacement (MIR, also known as heavy-atom 

method), multiple wavelength anomalous dispersion (MAD, also known as anomalous 

scattering), and molecular replacement (MR). 

Each method is briefly described here. (1) MIR. Heavy atom compounds, such as 

gold, platinum, mercury, lead, etc., are soaked into the native crystals to produce heavy 

atom derivatives. The addition of the heavy atoms should not disturb crystal packing and 
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protein conformation. The heavy-atom derivatives should have the same unit-cell 

dimension as the native crystals, and are thus termed isomorphous. However, the heavy-

atom derivatives should have measurable differences in the diffraction intensity 

compared with that of the native crystal. These differences can be computed to give a 

quantitative measurement of the potential phasing power of the derivatives. In general, a 

native data set and two derivative data sets (of different heavy atoms) are needed to 

determine the phase. (2) MAD. Under usual circumstances, reciprocal lattices possess a 

center of symmetry. In other words, the intensities of reflections hkl and hkl , which are 

called the Friedel's pair, are equal according to Friedel's law. However, this law does not 

hold when the wavelength of X-rays is near an element's (typically, a heavy atom's) 

absorption edge, where a fraction of the X-ray radiation is absorbed by the heavy atom 

and remitted with a different phase. This phenomenon is called anomalous 

scattering/dispersion. From the inequality of the Friedel's pairs, phase information can be 

extracted. Often for a MAD experiment, a Se-Met protein is prepared and its diffraction 

data is collected at three different wavelengths. (3) MR. It is common that an unknown 

macromolecule of interest is homologous to a known structure or is part of a larger 

complex that contains a known subunit. The known structure can be used as an initial 

phasing model. This is achieved by placing the known structure into the unit cell of the 

unknown structure using rotation and translation. Rotation is the relative orientation of 

the same or similar molecule in different unit cells; translation is the position of the 

unknown molecule in the unit cell with respect to the origin. The correctly placed known 

model inside the unit cell of the unknown structure then gives an initial estimate of phase. 
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Molecular replacement using a low-resolution cryo-electron microscopic (EM) 

reconstruction has gained popularity in virus crystallography (reviewed in Chiu and 

Rixon, 2002; Tang and Johnson, 2002). In our studies, we used a 14-A cryo-EM HEV 

VLP as an initial phasing model, and initial phases were calculated from the EM model 

with the VLP particle properly oriented and positioned with respect to the axes of the 

crystal unit cell. The known icosahedral symmetry of a virus not only assists us with the 

initial rotation search, but also refines the phase estimates during the phase extension step 

(Stuart et al, 1999). 

4.2 Cryo-EM reconstruction and the molecular mask 

Our cryo-EM reconstruction (performed by Liu Zheng in Professor Zhang's lab) 

resembles the 22-A cryo-EM reconstruction published a decade ago (Xing et al, 1999). 

The VLP adopts a T=l symmetry and has a diameter of -270 A. The reconstruction 

shows a continuous viral envelope, with no obvious breaks and holes. The interior of the 

VLP is hollow, void of any genomic RNA, consistent with previous findings (Xing et al, 

1999). The most striking feature of the VLP is the 30 spikes on the surface, on the two

fold symmetry axes, indicating the presence of the homo-dimers. Depressions are 

observed around the three- and five-fold axes (Figure 4.1). 
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Figure 4.1 Cryo-EM reconstruction at 14 A resolution. The particle sits 
in standard EM orientation. The surface is colored by radial depth cue 
from blue, yellow, to red. The icosahedral symmetry axes are labeled. 
Courtesy of Zheng Liu, Kungpeng Li and Jingqiang Zhang. 

Defining an appropriate molecular mask for our EM model is the first and the 

most important step for an accurate calculation of the initial phase. A molecular mask (or 

envelop) transforms an electron density map into a binary map - anything corresponding 

to the protein density (inside the mask) is assigned " 1 " ; that which does not (outside the 

mask) is assigned "0". Such a cut-off value can be set when generating a mask from a 

density map in MAPMAN (Kleywegt and Jones, 1996). A rough starting estimate for the 

mask can be derived from the following equation: 

unit cell volume grid points 

no. of atoms 10 A3 per no. of subunits 
, .. x x . ., - . 1 1 mask points 

persubumt atom in the unit cell v 
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Essentially, the ratio between the grid points (the grid is the number of divisions along 

the axes of an entire density map) and mask points should be close to the ratio between 

the unit cell volume and the total volume occupied by the protein. An appropriate mask 

should have a similar appearance as the density map. According to Kleywegt, a good 

mask should contain no cavities, no "blobs" (isolated mask points not connected to the 

bulk of the mask), no sharp extrusions or invaginations on the surface of the mask, and 

little or no overlap with the NCS-related copies of itself (Kleywegt and Jones, 1999). A 

good definition of a mask coupled with NCS-averaging should provide the initial phasing 

power necessary for a successful phase extension. 

4.3 Determination of the orientation and translation of the VLP in the P63 unit 

cell 

Two essential elements for molecular replacement are the orientation and 

translation of the unknown structure in relation to its known phasing model. When two 

protomers exist in the same crystal, an ordinary self-rotation function can be used to 

determine the orientation and the angle of rotation of the NCS axis (or axes) relating 

these two protomers. Two angular conventions are used to describe the orientation of an 

object in a Cartesian coordinate system: polar angles (q>, \|/, K) and Eulerian angles (a, P, 

y). According to the CCP4 definition, for polar angles, 'ty is the angle the rotation axis 

makes to the Z0 direction, and <p is the angle the projection of the rotation axis onto the 

X0-Yo plane makes to the Xo-axis." For Eulerian angles, "the three angles define three 

sequential rotations of an object, first through y about the initial Z-axis, then through p 
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about the new position of the Y-axis, then through a about the final Z-axis" (CCP4, 

1994). The right-hand grip rule can be used to determine the positive and negative sign of 

the rotation angles (with the thumb pointing towards the rotation axis, a clockwise grip is 

a positive rotation; counterclockwise, negative). In the self-rotation function, the polar 

angle convention is often used. It is imperative to use the high resolution reflections (3.5-

4.5 A) for an accurate orientation search. Here, we performed the self-rotation search 

using General Locked Rotation Function (GLRF) (Tong and Rossmann, 1997). The fast 

global search found beautiful symmetry solutions when K is equal to 180°, 120° and 72°, 

suggesting the presence of icosahedral two-fold, three-fold, and five-fold symmetry. We 

then performed a two-dimensional search (cp and \|/ = 0-180°) by fixing K at 180°, 120° 

and 72°. The solutions identified the positions of the symmetry axes (Figure 4.2, a-c), 

which are important indicators of the orientation of the viral icosahedral particle. Next we 

fine-tuned the positions of some of the symmetry axes by carrying out a series of slow 

self-rotation searches using a smaller search interval (0.2°) (Figure 4.2, d). Our packing 

consideration (see discussion in 4.4) suggested that the viral particle, with its 3-fold 

sitting on the 63 rotation axis, only has one degree of freedom, which is rotation about the 

crystal 63 axis. Therefore, we only needed to determine the (p angle for every symmetry 

axis. The difference between our computationally determined 9 angle and the <po angle of 

an icosahedron at the standard 222 orientation, Aq>, defines the actual orientation of our 

HEV VLP relative to that of a standard icosahedron. Because all symmetry axes are 

related by fixed angles in an icosahedron (see Appendix IV), \|/ can be accurately 

computed from the large number of symmetry axes presented in an icosahedron. As a 

result, the averaged angle for Aq> was 49.00° (Table 2). Knowing how the 
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Figure 4.2 The GLRF self-rotation search results for the crystallographic data, (a)-(c) Fast 
GLRF shows the symmetry solutions around five-, three-, and two-fold axes, (d) Slow GLRF 
is used to determine the exact value for cp angle, by fixing K = 180° and \|/= 142.62°. The result 
indicates cp = 49. 00° as listed in Table 2. 
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Table 2 

Five-fold symmetry 
K = 7 2 ° 

K = 7 2 ° 

K = 7 2 ° 

K = 7 2 ° 

V = 37.377° 
y = 79.188° 
\|/= 100.812° 
y = 142.623° 

average 

ip = 49.000° 
cp = 49.000° 
ip = 49.000° 
<p = 49.000° 
(p = 49.000° 

Three-fold symmetry 
K = 1 2 0 ° 

K = 1 2 0 ° 

V = 41.810° 
V= 138.190° 

average 

q> = 49.000° 
cp = 49.000° 
cp = 49.000° 

Two-fold symmetry 
K = 1 8 0 ° 

K = 1 8 0 ° 

K = 1 8 0 ° 

K = 1 8 0 ° 

K = 1 8 0 ° 

V = 90.000° 
V = 20.905° 
y = 69.095° 
y = 110.905° 
V= 159.095° 

average 
overall average 

cp = 49.000° 
<p = 49.000° 
(p = 49.000° 
<p = 49.000° 
q> = 49.000° 
(p = 49.000° 
q> = 49.000° 

Table 2. List of some slow GLRF search results. Several 
elements of each symmetry axis are computed and averaged. 

(a) (b) 

Standard EM orientation Crystallographic orientation 

Figure 4.3 Rotation of the EM particle from (a) standard EM orientation to 
(b) crystallographic orientation as determined by GLRF. 
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crystallographic VLP is sitting inside the unit cell, we then needed to relate this 

orientation to the EM standard orientation (Figure 4.3 a) - this angle, typically expressed 

in Eulerian angles, was a = 49.000 °, p = -20.905 °, y = 0.000 ° (Figure 4.3 b). 

Next, we needed to determine the translational element of the crystallographic 

VLP. This was done by performing a cross-rotation search using AMoRe (Navaza, 

1994). Our results verified the same rotation angles determined from GLRF to be correct 

and at the same time, indicated that there was no translational element, suggesting that 

the crystallographic VLP was indeed sitting at the origin of the unit cell (x=0, y=0, z=0). 

Note that in our P63 space group, translation of the VLP along the Z axis can be randomly 

set. 

4.4 Packing considerations of the VLPs in the P63 unit cell 

Knowing the orientation of the crystallographic particle, our next question to 

answer was how to pack the VLPs into the P63 unit cell in a fashion that satisfied the 

crystallographic symmetry. With unit cell dimensions of 241.1 A by 241.1 A by 519.9 A, 

it was natural to predict there were two VLPs (diameter -270 A) sitting inside each unit 

cell. Indeed, the calculated Vm (Matthew coefficient) was 4.09 A3/Da for 2 VLPs and 

2.04 A3/Da for 4 VLPs. Since an empty VLP has a hollow interior, it was not unusual for 

it to have a slightly higher Vm value. On the other hand, a Vm of 2.04 A3/Da was too 

small. Therefore, there were 2 VLPs in each unit cell, with 1/3 of the particle in each 

asymmetric unit. Since the P63 unit cell contained multiple symmetry elements (Figure 
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4.4 a), there were a limited number of options for packing consideration, which cannot 

violate the crystallographic symmetry. It was also important that the particles cannot be 

packed in a way that caused collision. Therefore, the three-fold NCS/icosahedral axis of 

VLP must align with the three-fold crystallographic axis. There were two possibilities to 

satisfy the unit cell symmetry - aligning the two axes either at the vertex of the triangle 

(0, 0, 0), which was also the site of the 63 screw axis or at the center of the triangle (1/3, 

2/3, 0) (Figure 4.4 a). These two possible packing arrangements of the 2 VLPs were 

illustrated both in a 2-D plane and a 3-D lattice in Figure 4.4 b and c. Since the sphere 

representing the VLP was a 2-D object in the figure, it may not convey the space-filling 

impression accurately. In Figure 4.4 c (left panel), portions of VLPs from the four 

corners of the parallelogram on plane 0, 1/2, and 1 made up the two particles. In Figure 

4.4 c (right panel), a half sphere of the VLP sat on the parallelogram on plane 0 and 1, 

while an entire particle was located on plane 1/2. It was evident that centering VLP at (0, 

0, 0) gave much tighter packing, allowing better contacts between VLPs. Indeed, this 

packing consistently gave better phasing start when using the EM model, consistent with 

our earlier translational search by AMoRe (Navaza, 1994). 
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Figure 4.4 Packing considerations of the HEV VLPs in the P63 unit cell, (a) the 
crystallographic symmetry elements of a P63 unit cell: the two-fold symmetry on 
the edges, the three-fold symmetry at the center of triangles, and the 63 screw axis at 
the vertex of triangles. On the right panel, +V2 circles situates at half the unit cell 
axis, c, above + circles, (b) Two possible packaging arrangements of the VLPon a 
2-D plane, (c) Two possible packaging arrangements of the VLP in a 3-D unit cell. 
On the left panel, the darker blue spheres are in the front; the lighter blue spheres 
with dash line are in the back. 

4.5 Phase extension 

4.5.1 Preparation 

In order to obtain the phasing information for a crystallographic data set, the 14-

A cryo-EM model first needed to be packed into the crystallographic unit cell, mimicking 

the crystallographic particle. The EM particle was then rotated from the standard EM 

orientation by a = 49.000 °, P = -20.905 °, y = 0.000 ° using either MAVE (skew 

command, Read and Kleywegt, 2001) or MAPROT (Stein et al, 1994). A mask was then 

created for the rotated map. With the knowledge of the packing arrangement, the density 

from the EM map inside the mask (in a PI cell) was projected into the P63 unit cell using 

MAVE (expand command, Read and Kleywegt, 2001). The resulting map, also called "P-

cell map", showed tight packing of the EM particles. The orientation of the particle 

appeared to be correct and was verified by a GLRF self-rotation function by back-

transforming the density map to structure factors (Figure 4.5). Prior to NCS averaging 

and phase extension, the mask defining just one particle was generated. 
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K = 7 2 ° K = 72° 

Figure 4.5 The GLRF search result of the "P cell map", left panel, as compared to that of 

the observed crystallographic data, right panel, K angle is fixed at 72°. 

4.5.2 Density modification 

Two procedures are taken to improve the quality of the phases derived from EM 

map: (1) non-crystallographic symmetry averaging (NCS) and (2) solvent flattening. For 

NCS-averaging (see discussion in 3.4.1), we first have to identify the matrices of the 

NCS operators, which relate the different protomers in the asymmetric unit: x' = R.x + T, 

where x and x' are the first and second protomers that can be superimposed or brought 

together by a 3 by 3 rotational matrix (R) and a 3-D translation vector (T). In our study, 

there are two HEV VLP particles inside a P63 unit cell. According to the packaging 

consideration (see discussion in 4.4), the icosahedral three-fold axis of VLP coincides 

with the three-fold crystallographic axis. Thus, each asymmetric unit contains 1/3 of the 
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particles or 20 CP subunits (applying the three-fold symmetry and an entire particle can 

be generated from an asymmetric unit). Therefore, there are a total of 20 NCS operators. 

The matrices of these 20 icosahedral operators are first obtained from the PDB header of 

a known virus sitting at a standard 222 orientation (with the three orthogonal 2-fold axes 

aligned with x, y, and z axes). These standard icosahedral matrices are then modified to 

match the specific orientation of the HEV VLP in our P63 unit cell. The expression 

relating the modified and the standard matrices is written as follows: Tn = S ' Rn ' (S~ ), 

where T„ is the modified rotation matrix; R„ is the standard icosahedral matrix; S is the 

matrix transforming virus from standard orientation to the new orientation; S" is the 

traverse matrix or the reversed matrix of S. The physical meaning of this transformation 

can be interpreted as the following: first transform HEV VLP in P63 unit cell to the 

standard 222 orientation, then find the NCS-related points, and finally rotate the HEV 

VLP to the specific orientation in the P63 unit cell. A small Fortran program was written 

to modify the 20 icosahedral matrices. With the modified icosahedral operators, NCS-

averaging can be performed using AVE (Jones, 1992) to improve the signal-to-noise ratio 

of the electron density map. Last, solvent flattening is implemented to remove electron 

density variations in the solvent. Such solvent noise is introduced by poor phase. Solvent 

flattening is achieved by defining a molecular mask (as discussed in 4.2), which sets a 

boundary between solvent and real protein density. 
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4.5.3 Considerations for phase extension 

In virus crystallography, phase extension has been commonly carried out in order 

to combine the low-resolution EM phasing model and the high-resolution native 

crystallographic data. At any given resolution bin, phase information, though usually very 

noisy, can be extracted beyond the resolution limit. Such (noisy) phase information can 

be significantly improved through NCS-averaging (particularly for a highly symmetrical 

target like viruses). The "polished" phase information is then extended to a higher 

resolution, typically by one reciprocal lattice point. This same process can be repeated in 

cyclic fashion in order to extend the phase from a low resolution to the desired high 

resolution. Several factors are crucial to a successful phase extension. 

Resolution 

Identifying the appropriate resolution range for the initial phase estimation was a 

challenge. Our goal was to maximize the overlap between the crystallographic data set 

and the EM model (Navaza, 2008). As mentioned in the previous chapter, there were few 

numbers of low-resolution reflections collected at APS. Among these few recorded 

reflections, some of them were of poor quality, e.g. over-saturation and overshadowing 

by the beam stop, etc., which further reduced the number of usable low-resolution 

reflections. Also, it was common that the highest resolution of an EM reconstruction was 

over-estimated, i.e., a 14-A EM model may actually be good only to 16 A or lower. In 
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order to maximize the number of good low-resolution reflections used in the phase 

calculation, I tested a wide variety of resolution ranges spanning from 60 A to 15 A. 

Magnification 

It is known that electron microscopy cannot determine the precise scale of the 

particle - there is usually a ~5% error in the estimation (Dodson, 2001). Different scales 

(sizes) between the EM particle and the crystallographic particle translate to an inaccurate 

phase calculation, because the positions of atoms are shifted with the wrong scale. 

Fortunately, this image scale factor can be easily modified by changing the "cell" 

dimensions in the header of the map using MAPMAN (Kleywegt and Jones, 1996). The 

EM VLP sits in a PI cubic cell of dimensions a = b = c = 323 A. Our preliminary scale 

factor optimization encompassed a broader 10% estimation - testing cell dimension from 

291-355 A. The goodness of fitting was based on correlation coefficients calculated from 

Fobs and Fcaic. Based on these preliminary results, the full phase extension trials focused 

on a smaller window, 333-342 A. 

Orientation 

From packing considerations, we established that the three-fold NCS axis aligns 

with the crystallographic three-fold/63 axis at the origin (0, 0, 0). Therefore, there was 

only one degree/dimension of (movement) freedom for the VLP inside the unit cell, 

rotation around the three-fold axis. A calculation showed that one degree of rotation can 
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cause an approximately 2 A shift in atomic positions at the periphery of the VLP. Thus, 

finer intervals of rotation angles (every 0.05°) were tested between 48.90° -49.50°. 

Contour level 

The importance of defining an appropriate mask around the EM density map 

cannot be overstated. Since a mask simplifies the electron density map into a binary map, 

composed of " 1 " for protein density and "0" for solvent noise, an incorrect cut-off 

boundary (contour level) between protein and noise can cause serious consequences. A 

high contour level may exclude potential real density, resulting in missing structural 

information. A low contour level, however, may include excessive noise, introducing 

errors into phase calculations. Based on the equation given in section 4.2, the ratio 

between the unit cell volume and the total volume occupied by all atoms of the VLP is 

6.71, which was also the expected ratio between grid points and mask points. However, I 

have carefully evaluated the impact of the magnitude of this ratio from 5.5-7.7. 

4.5.4 Phase extension runs 

Prior to performing a full extension run from low to high resolution (which 

usually takes a day), it is customary to perform extensive computations in order to 

determine the best initial phasing model by testing the four parameters mentioned above. 

The quality of the phasing model is judged primarily by the R-factor and correlation 

coefficient, which are generated by SFALL (Ten Eyck, 1977) and RSTATS (CCP4, 

1994). SFALL converts the projected EM density map (P-cell map) into calculated 
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structure factors, Fca]c. RSTATS then scales the calculated structure factors, Fcaic, and 

observed structure factors, F0bS, together. Mathematically, the R factor is the overall 

difference of F0t,s and Fcaic divided by the summation of F0bs- Thus, the better the 

agreement between the two sets of structure factors, the smaller the R-factor is. On the 

other hand, a higher correlation coefficient (CC) indicates a better agreement between the 

observed and calculated structure factors. The standard linear correlation coefficient is 

expressed below: 

E(Wobs)|2 - If^bsjP) x (|f(calc)|2 - \F&tetf) 
n _ hkl c - r -\ia 

2(l^obs)|2 - |^obs)|y2(l*Mc)P - locale)!2)2 

Ihkl hkl J 

The correlations between Fobs and Fcaic are independently sampled, therefore without the 

need of scale factors. A CC of 1 means perfect correlation, and 0 means no correlation at 

all. During the long course of phase determination, we have come to realize that it is 

extremely important, at times, to carry out a full phase extension run from low resolution 

to high resolution (e.g. 20-3.5 A), by varying the same four parameters mentioned in 

4.5.3, in order to determine the best initial phasing model. This was presumably because 

with only very limited overlap between our crystal diffraction data and the EM model, 

the initial R-factor and correlation coefficient did not provide an accurate estimate of the 

goodness of the model. With a total of -80 full phase extension runs, we concluded that 

the following parameters produced the best initial phasing model: 60-20 A for resolution 

range, 336 A for the EM cell dimension, 49.20 ° for a angle, and 6.81 for the ratio 

between grid points and mask points. 
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Phase extension was executed using RAVE (Jones, 1992; Kleywegt, 1996; 

Kleywegt and Jones, 1996) combined with multiple other programs. SFALL generated 

Fcaic from the density map. RSTATS then scaled F0bs and Fcaic together, producing 

statistics to evaluate the agreement between the two sets of structure factors. With the 

calculated structure factors, FFT created a 2F0-FC map. This new calculated map was 

averaged by AVE using the 20 NCS-operators for 10 cycles, which significantly 

improved the map quality and enhanced the phase information. The improved map was 

then back-transformed to a slightly higher resolution, typically by one-reciprocal lattice 

point, than at which it was originally calculated. The phase estimates at the extended 

resolution, though noisy, were fed back into the cyclical procedure, and subsequently 

refined by NCS-averaging. As a result, the phase was gradually extended from low 

resolution to the desired high resolution shell. Total steps of phase extension can be 

calculated from the following equation: 

(A of distance in reciprocal space) / (one reciprocal space of the longest axis) 

In our case, phase extension from 20-3.5 A required a total of 123 steps. Our final phase 

extension yielded an averaging R-factor of 31.7 and a correlation coefficient of 79.7 at 

3.5 A. Apart from monitoring the statistics, it is important to carefully examine the 

quality of the calculated 2F0-FC map. The final density map of a successful phase 

extension should display little noise (few or no isolated density blobs, especially after 

many cycles of NCS-averaging), continuous density (no choppy density and few breaks), 

obvious symmetry-related elements (such as jelly-roll P barrels around the five-fold 

icosahedral axes), and most important, the secondary structure elements (a helices and p 

sheets). 
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4.6 Model building 

Our 3.5 A density map showed highly continuous density with few breaks, 

prominent side chains for the aromatic residues, and a high percentage of P sheets, 

consistent with the secondary structure prediction and the characteristics of small RNA 

viruses. However, it was interesting to note that phase extension runs produced a density 

map of different handedness (inverted image). The density map that exhibited right-

handed a helices was selected, because they are biologically relevant. Our next task was 

to build an atomic structure based on the interpretation of the density map. Since the 

density map contained 60 copies of the HEV-CP, the density that constituted a protomer 

must first be identified in order to avoid building the model back into itself. Since side-

chains always pointed towards the N-terminus of the polypeptide, the directionality of the 

density map (from N- to C-terminus) was determined. Then, the peptide main chain was 

traced by building the Ca backbone in the program O (Jones et al, 1991). The Ca atom 

was placed at positions where side-chain densities branched off. The distance between 

the two a-carbon atoms was ~3.8 A. The completion of a well-built Ca skeleton should 

give an overall impression of the secondary structures, which may provide helpful clues 

for the subsequent amino acid sequence registry. 

Correct sequence registry is important and relies on several auxiliary factors. 

First, secondary structure prediction programs, like PSIRED (Jones, 1999), generally 

gave a good prediction. Combining this information with the preliminary Ca backbone 

model can render a rough idea of the positions of the specific secondary structural 
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elements. Second, the density associated with aromatic residues (tyrosine, tryptophan, 

and phenylalanine) and long residues (arginine and lysine) was prominent and easy to 

identify. These feature-rich amino acids can serve as "landmarks". In particular, there are 

only five bulky tryptophan residues in the CP. Third, to enhance the density around the 

smaller side chains (valine, leucine, and methionine), the final 3.5 A map was sharpened 

using B = -150 A2. Last, residues with no or small side chains (glycine and alanine) 

exhibited no side-chain density even in the sharpened map, and can inform the 

correctness of the registry. 

With a registered sequence, a sharpened map, and a preliminary Ca skeleton, the 

manually built model was further polished. The geometry of the Ca backbones can be 

optimized to better fit the main chain density by using the Legoca command, which 

suggested a list of best main chain fits based on O's database. The Legoside command 

allowed us to move side chains into the side-chain densities, and their geometries were 

fine-tuned by the Tor_residue command. A well-built model should exhibit the following 

features. For a helices, there were 3.6 residues per turn and a peptide C=0 bond should 

point towards the C-terminus to hydrogen bond with a main-chain N-H group from 

another turn. For p sheets, the Ca backbones of neighboring strands were hydrogen-

bonded and appeared in parallel zig-zag fashion. 
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4.7 Model refinement 

The manually built model contained errors that needed to be corrected. 

Refinement of the model was performed in CNS (Brunger et al, 1998). All refinements 

were carried out at the resolution range of 60-3.5 A. For each step of refinement, 4% of 

the data was flagged for Rfree calculation, and the 20-fold NCS-constraint was applied 

(the rotation matrices of the 20 NCS-operators as defined in the phase extension must be 

"flipped" due to the difference in convention). First, rigid body refinement (rigid.inp) was 

performed. No improvement was achieved for RWOrk and Rfree before and after refinement 

(from 44.67 % and 44.84 % to 44.62 % and 44.91 %, respectively). One of the biggest 

improvements to RWOrk and Rfree was through simulated annealing (anneal.inp). Annealing 

is a process at which a solid is heated until all particles randomly arrange themselves in 

liquid phase, which is then slowly cooled until all particles re-arrange themselves into the 

lowest energy state. Simulated annealing is the computational simulation of the annealing 

process during which atoms are allowed to move as if at high temperature, in an attempt 

to lift them out of local energy minima. The model is then slowly cooled, allowing it to 

adapt to the lowest energy conformation. Following simulated annealing refinement, the 

Rwork and Rfree were 37.30 % and 38.30 %. Then, positional refinement was carried out 

using minimize.inp, but ended with similar RWOrk and Rfree values (37.16 % and 38.21 %). 

Finally, the temperature factors (B-factors) of the model were refined. B-factors are 

indicators of atomic mobility or positional uncertainty. High B-factors are often 

associated with structural regions of low electron density. Since different regions of the 

macromolecule may exhibit notable differences in mobility and flexibility, B-factors 
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refinement (bindividual.inp) can account for these variations, and thus improve the 

diffraction data. The B-factor refinement produced a much improved RWOrk and Rfree 

(30.39% and 31.24%). 

Following the first round of refinements, a 2 F0-Fc was calculated and averaged. A 

sharpened map (B = -150 A2) was also created and averaged. The refined map showed 

significantly improved side-chain densities (with much clearer defined densities around 

smaller side chains), recaptured some of the densities associated with the disorder 

regions, and led to the correction of a few mis-registered regions, especially the position 

of the flexible N-terminal region. The side chain of every residue was scrutinized and 

adjusted to better fit the density. Following model-rebuilding, positional refinement and 

individual B-factor refinement were performed. Two more rounds of re-building were 

then performed, and the final RWOrk and Rfree were 28.07 % and 28.93 %, respectively. 

The final 2 Fc-Fc density map and refined model were of excellent quality (Figure 4.6). 

During refinement, a percentage of diffraction data (5-10%) was set aside for Rfree 

calculation, in order to avoid model bias. Very little difference was seen between RWOrk 

and Rfree because of the NCS symmetry, which was also inherent in diffraction intensity 

pattern. The Rfree was no longer an independent indicator of the refinement because of the 

correlation in intensity between reflections in the test set and the working set. 
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aa245-255 

aa315-325 aa394-405 

aa498-510 aa594 - 604 

Figure 4.6 Electron density maps of the HEV VLP. The 2 F0-Fc map is shown in blue and 
the sharpened map (with B = -150 A2) in light blue. Maps are sampled evenly 
throughout the polypeptide to give an overall impression of their quality. Each panel is 
labeled with residue numbers associated with that region. Aromatic side chains are 
shown whenever possible. 
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4.8 Model quality evaluation 

Prior to depositing the coordinates in the Protein Data Bank (PDB), the model has 

to be validated. PROCHECK (Laskowski et al, 1993) was executed to check the dihedral 

angels, <p and y, of the polypeptides. In the Ramachandron plot, residues that fall into the 

disallowed region have a sterically forbidden conformation and must be adjusted. 

Residues in generously allowed regions can be adjusted to maximize the percentage of 

residues in the favored and allowed regions. It was desirable to have the percentage of 

residues in most favored regions around 80%. Positional and individual B factor 

refinements were performed followed each round of adjustments. In addition, a validation 

tool available from PDB also checked various other elements to ensure the accuracy of 

the model, e.g., close contacts, bond distance and angles, torsion angels, chirality, and 

solvent molecules. Adjustments were made according to the recommendation of the 

validation results. The deposited structure (3HAG) has 87% of the residues in the most 

favored regions with a RWOrk and Rfree of 27.67% and 28.60%. Once a monomelic CP 

model was built, the entire HEV VLP can then be generated from a single promoter using 

XPAND (Kleywegt, 1992-2004) and MOLEMAN (Kleywegt, 1992-2004). 
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CHAPTER V. STRUCTRAL INSIGHTS INTO THE ASSEBMLY OF THE 

HEPATITIS E VIRUS 

The crystal structure shows an empty capsid shell with an inner diameter of-125 

A and an outer diameter of-270 A. The most prominent structural feature is a total of 30 

dimeric spikes situated on the icosahedral 2-fold symmetry axes. These dimeric spikes 

are -30 A tall. Capsid protrusions are also observed at icosahedral 3-fold symmetry axes. 

These trimeric protrusions form isolated units that do not interact with each other. Broad 

depressions are observed near icosahedral 5-fold symmetry axes. Our 3.5-A structure of 

the HEV VLP fits well into the 14-A cryo-EM map (Figure 4.1), indicating that there is 

virtually no difference in the structure of VLPs assembled during crystallization and 

those found in cell media. Our final model contains 468 out of a total of 497 residues 

present in the ORF2112"608 construct. The missing residues are the first six, the last three, 

and several internal loop regions (148-149, 357-360, 483-488, 574-576, and 589-593). 

There are two cysteines in the ORF2368"606 sequence, but neither is involved in intra- or 

inter-molecular disulfide bonding. Overall, our structure of HEV-CP coincides with the 

other independently determined crystal structure of HEV-CP by Yamashita et at, despite 

the difference in genotypes (95 % sequence identity between our genotype 4 and their 

genotype 3) (2009) (See 6.2 for discussion). 
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5.1 Structure of the monomeric HEV-CP 

HEV-CP has an extended structure that can be divided into three linear domains: 

the S domain (118-313), the PI domain (314-453), and the P2 domain (454-605) (Figure 

5.1). Although HEV-CP contains three domains like the calicivirus coat protein, the 

organization of the three domains and their structural details are different and will be 

elaborated on further in the later section 5.5. 

The HEV-CP S domain adopts the typical jelly-roll P-barrel fold (Harrison, 2007) 

that is widely conserved among many small RNA viruses. The signature eight anti-

parallel p strands are organized into BIDG and CHEF sheets, with two helices, al and a4, 

frequently found between strands C/D and E/F, respectively. A structural homolog search 

using the Dali server (Holm et al, 2008) showed that the S domain is best aligned with 

the jelly-roll domain of the coat protein of the carnation mottle virus (CMV, Z score=17.5 

with 2.0 being significant) (Morgunova et al, 1994), tomato bushy stunt virus (TBSV) 

(Olson et al, 1983), and other tombusviruses and sobemoviruses, all small T=3 plant 

viruses with (+)RNA genomes. Animal viruses were ranked lower. Seneca Valley virus 

(SVS), an oncolytic picornavirus, had the highest ranking among all animal viruses (Z 

score=14.7) (Venkataraman et al, 2008). The capsid protein of Norwalk virus (NV) 

(Prasad et al, 1999), a calicivirus that HEV was originally thought to be related to, 

exhibits even bigger differences in alignment than do picornaviruses (Z score=11.8). 

Indeed, despite the common jelly-roll P folds, when superimposing the shell domain of 

HEV with that of TBSV, CMV or NV, the HEV S domain overlaid smoothly on top of 
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Figure 5.1 The structure of HEV-CP. (a) One HEV-CP molecule. The 
molecule is rainbow colored with the N-terminus in blue and the C-terminus 
in red. (b) Secondary structure assignment, a-helices are shown by tubes, |3-
strands by arrows, loops by thick lines, and disordered regions by dotted 
lines. Regions from the S. PI and P2 domains are colored in blue, yellow, 
and red, respective, as in Figure 5.5. The conventional naming scheme for 
the eight P-strands (BIDG and CHEF) from the jelly-roll p barrel is shown 
in parentheses. Figure modified from Guu et ah, 2009. 
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those from the plant viruses (TBSV and CMV), but with considerable differences than 

those from the animal viruses (NV) (Figure 5.2). It is interesting to speculate that HEV 

may have a plant virus lineage, but during the course of evolution, acquired the abilities 

needed for effective transmission in animals. 

The jelly-roll or Swiss-roll p-barrel is prevalent among many icosahedral viruses. 

Its wedge-shape fits in quite nicely into the icosahedral architecture (Figure 1.2). The 

arrangement of a jelly-roll P-barrel is two P sheets, each consisting of four anti-parallel 

strands (Figure 5.3). While the p strands framework is well-conserved, its N- and C-

terminal loops as well as its inter-strand loops, vary greatly among viruses. Such 

variations are important for receptor interactions, particle stability and antigen 

recognition (reviewed in Harrison, 2007). Yet, this highly conserved fold does not seem 

to have a consistent function among different viruses. Thus, its evolutionary importance 

may be less biologically but more architecturally relevant (Harrison, 2001). 

The HEV-CP PI domain has the appearance of a squashed p-barrel consisting of 

six anti-parallel P-strands. The two ends of the barrel are flanked by several a-helices 

(Figures 5.1 and 5.4 a, left panel). One side of the barrel extensively interacts with the S 

domain through pB, PC, and loops CD, EF, and GH. The structure of the HEV-CP PI 

domain is related to that of the P2 domain of the calicivirus coat protein (Z score = 2.8) 

(Chen et al, 2006). Other top structural homologs are the human UPF1 human helicase 

core (Z score = 5.1, 1st) (Cheng et al, 2007), the P-barrel domain of endo-alpha-sialidase 

(Z score = 3.8) (Stummeyer et al, 2005), the tRNA-binding domain of the translation 
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Figure 5.2 Structural alignment between the HEV shell domain (blue) and that of the 
(a) TBSV (green) and (b) NV (pink) using the Dali server. 

Figure 5.3 Schematic diagram of a jelly-roll p barrel. Eight anti-
parallel P strands, shown by arrows, are labeled B to I from N- to 
C- terminus. The inserted a helices are shown in cylinders. Loops 
between strands are labeled with paired letters BC, CD, etc. 
(Harrison, 2007) 

86 



elongation factor Tu (Andersen et al, 2000), and the receptor-binding domain of the 

avian reovirus fiber CTC (Guardado-Calvo et al, 2008). Of these top homologs, the 

endosialidase of bacteriophage K1F is most interesting due to its ability to bind sialic acid 

molecules, which are widely distributed in animal tissues and bacteria (Figure 5.4 a, right 

panel). By structural superposition, the potential sialic acid binding site of HEV-CP PI is 

mapped to a helix-turn-helix motif (aa 376-391) located at one end of the P-barrel (Figure 

5.4 a, left panel). 

The HEV-CP P2 domain forms the dimeric spike on the surface of the capsid 

(Figures 5.4 b, left panel, and 5.5). The overall fold of P2 is similar to that of PI, except 

for a large insertion (aa 504-533) between 020 and p22 from the central P-barrel (Figure 

5.4 c). This 30-aa insertion, comprised of three P strands and one a helix, mediates the 

interaction between the surface spike and the nearby 3-fold protrusion, thus helping to 

support the spike. On top of the surface spike are three highly exposed large loop 

insertions (aa 482-490, 550-566, and 583-593) that may play an important role in 

antigenicity determination. Superimposition of P2 and PI by Dali server yields a Z score 

of 2.1. P2 is also homologous to the receptor binding domain of norovirus in the 

Caliciviridae family (Z score = 2.0) (Cao et al, 2007). Noroviruses use blood-group 

trisaccharides as cell receptors (Figure 5.4 b, right panel). Superimposing the two 

structures brought the trisaccharide to the top of the HEV surface spike between loops 

550-566 and 583-593 (Figure 5.4 b, left panel). Interestingly, this potential sugar binding 

site in P2 is structurally equivalent to the potential sialic acid binding site in the PI 

domain when the two domain structures are aligned together (Figure 5.4 c). 
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Figure 5.4 Structural homolog search and alignment of 
the PI and P2 domains, (a) PI domain (left) and 
endosialidase P-barrel domain (right). The sialic acid 
molecule is shown by sticks. Compared to Fig. 5.1, the 
PI domain is rotated along the vertex axis by -90° 
(viewed from left in Fig. 5.1) to get a better view of the 
potential sialic acid binding site, (b) P2 domain (left) 
and norovirus receptor binding domain (right). The 
blood-group polysaccharide is shown by sticks. P2 
domain has also been rotated compared to Fig. 5.1 to 
get a better view of the polysaccharide binding site. 
Secondary structural elements in PI and P2 for 
putative sugar binding are highlighted by asterisks, (c) 
Superposition of PI (yellow) and P2 (red) domains. 
Dotted rectangle outlines the extra secondary structural 
elements of P2 domain. For clarity, the potential cell 
receptor binding motif of PI domain is colored green, 
and of P2 domain is colored magenta. Dotted lines are 
drawn to connect the disordered regions. Figure 
modified from Guu et al, 2009. 
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The PI and P2 domains are connected by a long linker and do not interact 

directly. Structural flexibility in the linker is important because it allows the P2 domain to 

dimerize properly in the different types of dimers encountered in the native T=3 capsid 

(see discussion in 5.4). Flexible hinge regions are also identified in the coat protein of 

many T=3 viruses including TBSV and calicivirus, where dimers appear to be the 

assembly unit. Close inspection of the linker sequence ^NQHEQDRPTPSPAPSRPF462 

indicates that it is rich in proline and thus a poor substrate for proteases in general. This 

explains our observation that protease treatment of the purified protein (with trypsin and 

chymotrypsin at up to a 1:1 mass ratio for 15 minutes at 20°C) did not result in significant 

degradation. Evolutionary pressure brought about by the enteric transmission route of 

HEV may have selected for a capsid protein with sequence and structural features that 

make the virus highly resistant to proteases. 

Residues 118-131 at the N-terminus of the HEV-CP form the N-terminal arm 

(Figure 5.1). The arm makes a sharp turn at the beginning of pB, forming an extended 

loop that interacts with a 2-fold related and then a 3-fold related molecule nearby. In 

TBSV, the N-terminal R segment has an important role in regulating particle size 

(Harrison, 2007). It wedges between two capsid protein subunits, thus creating flat 

dimers on icosahedral 2-fold axes. The N-terminal arm of HEV-CP is away from the 2-

fold dimer interface and adopts a different conformation compared to the R segment of 

TBSV. 
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5.2 Structure of the T=l subviral particle 

The three domains of HEV-CP play different roles in organizing the icosahedral 

capsid. The S domain, which adopts the jelly-roll P-barrel fold, forms a continuous capsid 

shell with pointed vertices and flat facets (Figure 5.5 b). There are no obvious holes or 

cavities, suggesting that the S domain alone may be capable of self assembly. Moreover, 

perturbing the integrity of the jelly-roll p fold may disrupt the formation of the VLP, 

since the trypsin-truncated -50 kD CP fragment failed to crystallize (or form a particle) 

under the same crystallization condition. The PI domain interacts near 3-folds, forming 

isolated trimeric protrusions (Figure 5.5 c). Thus, the PI domain stabilizes only the 

trimeric interactions. The P2 domain forms dimeric spikes that stabilize capsid protein 

interactions across the 2-folds (Figures 5.5 a and d). The critical role of the S domain in 

capsid assembly is evident, as PI and P2 cannot completely close the particle (Figure 5.5 

d). Approximately 1,400 A2 total surface area is buried between adjacent molecules near 

the 5-fold (S, -1,400 A2; PI, none; P2, none), -3,000 A2 around the 3-fold (S, -2,000 A2; 

PI, -1,000 A2; P2, none), and -5,300 A2 around the 2-fold (S, -2,500 A2; PI, -200 A2; 

P2, -2,600 A2). Based on the buried surface areas, the 5-fold interaction is the weakest, 

and the 2-fold interaction is most stable (Figure 5.6). Therefore, the CP-dimer, as existed 

in solution, should be the building block of the VLP. 

From the buried surface area calculation, it is evident that the shell domains 

contribute most to the viral assembly (with a total surface area of-5,900 A2), followed 

by the P2 domains (-2,600 A2), and the PI domains being the least (-1,200 A2). Several 
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Figure 5.5 Structure of the hepatitis E virus-like particle (VLP) (T=l). (a) Crystal 
structure of HEV VLP. The three domains, S, PI, and P2 are colored blue, yellow, 
and red, respectively. The VLP is positioned in a standard orientation with the 
three 2-fold icosahedral symmetry axes aligned along the vertical, horizontal, and 
viewing directions, respectively, (b) HEV VLP with only the S domain, (c) VLP 
with S and PI domains, (d) VLP with PI and P2 domains. Figure modified from 
Guue/o/.,2009. 
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Figure 5.6 HEV VLP capsomeres. (a) and (b) HEV-CP pentamer. A reference 
molecule is colored according to domain organization with S in red, PI in yellow, 
and P2 in red. Other molecules are shown with a single color only, (c) and (d) 
HEV-CP trimer. (e) and (f) HEV-CP dimer. (a), (c), and (e) are viewed from the 
side, whereas (b), (d), and (f) are viewed along the symmetry axes from the 
outside of the VLP. Purple arrows in (c) points to the potential binding motif for a 
sialic acid on the PI domain. Figure modified from Guu et ah, 2009. 
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elements in the S domain are involved in the symmetry-related interface interactions: the 

N-terminal aa 118-130 loop (two-fold and three-fold), al (two-fold), a2 (five-fold), loop 

a5/a6 (three-fold), and loop H/I (five-fold). For the PI domain, its inter-domain loop 

(plO/pi 1) and a9 contribute to the three-fold icosahedral interfaces. The interaction of the 

P2 domain across the two-fold dimeric interface is quite extensive, including loop 

al0/pi7, pi8, P20, P24, loop P24/P25, and P27; however, no P2 interaction is found at 

the three-fold and five-fold axes. The strong dimeric interaction may explain why CP 

dimers remain associated even in a mild denaturing environment (e.g. 2% SDS sample 

buffer, Figure 2.4). 

The P2 domain alone is capable of dimerization (Xiaofang et al, 2001). 

Dimerization of the P2 domain is mediated by an extended loop (550-566) and three p-

strands from the central P-barrel (P18, P24, and P27). The four structural elements 

provide a flat interface that is largely hydrophobic in nature. Previous mutagenesis 

identified a cluster of six hydrophobic residues critical for dimeric interactions: A597, 

V598, A599, L601, and A602 (Li et al, 2005b). Another study found that the deletion of 

residues 585-610 led to reduced oligomerization and aberrant folding of the protein 

(Xiaofang et al, 2001). The VLP structure shows that residues 594-600 form one of the 

P-strands (P27) at the dimer interface. Amino acid substitutions within this p-strand are 

likely to affect either the folding or properties of the interface, thus resulting in the 

disruption of the tight packing between the two p-sheets. 
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The VLP structure allows us to evaluate the potential physiological relevance of 

the three potential N-glycosylation sites (Zafrullah et ah, 1999). N137 is partially hidden 

near the inner surface of the capsid shell and N310 is completely buried, suggesting that 

glycosylation at either site is unlikely. N562 is exposed to solvent at the very top of the 

surface spike and could potentially be subjected to glycosylation in the ER. The inner 

surface of the capsid shell is covered with a large number of basic amino acid side chains 

(R128, R133, R186, R189, R193, and R195, six from each subunit). These arginine side 

chains from HEV-CP presumably help to neutralize the negative charges of the genomic 

RNA. Around the five-fold axes is a ring of five tyrosine residues (Y288) that are 

hydrogen bonded to five serine residues (S200), which are also positioned around the 5-

fold axes, but closer to the particle interior (Figure 5.7). We speculate that the 

dissociation of the VLP at alkaline pH may have been caused by de-protonation of the 

tyrosine side chain, resulting in the destabilization of the 5-fold interaction. In genotype 

3, Y288 makes hydrogen bonds with N200. Yamashita et al. mutated both residues to 

alanine and found that while N200A formed particles similar to wild type; Y288A did 

not. Noting that aromatic residues also exist at the five-fold axes of other (+)ssRNA 

viruses (F118 for NV, Y330 for Saint Miguel sea lion virus (SMSV), and F145 for 

CMV), they then mutated Y288 to both aromatic residues (F and W) and non-aromatic 

residues (L, D, H, and R). Only aromatic residues were capable of particle formation. 

Thus, they concluded that the bulky aromatic residues may be necessary to seal off the 

pore at the icosahedral five-fold axes. (2009). 
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Figure 5.7 Zoom-in view of the interactions between a 
ring of five Y288 and S200 at the five-fold axis. Y288 
is shown in purple, S200 in yellow. 

5.3 Antigenicity and cell receptor binding of HEV-CP 

While the antigenicity of HEV-CP has been extensively studied over the last 

decade, cell-receptor binding properties of CP only started gaining attention in the last 

two years. The neutralization epitopes have been primarily mapped to the protruding 

spikes of the CP, aa 452/458-607/617; and they are conformationally dependent (Meng et 

al., 2001; Zhou et al., 2004). In addition, He et al. used a host of monoclonal antibodies 

to target the monomeric region (aa 368-458) and dimeric region (aa 459-606) of the CP. 

They also showed that while antibody-free CP readily bound to and became internalized 

by cells that are susceptible to HEV infection, the antibody-bound CP did not ( 2008a). 

This suggests that there are two cell-receptor binding sites, one in the monomeric domain 

(aa 368-458) and one in the dimeric spike (aa 459-606), which may also overlap with the 

antibody recognition sites. Our structural prediction of two separate potential cell-
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receptor binding sites on PI and P2 domain is consistent with He's findings. Recently, 

based on the HEV-CP structure, Yamashita et al further probed the epitope 

neutralization and cell receptor binding sites on the P2 domain (P domain in their 

assignment). They designed 16 mutants (2 mutations for each mutant) covering the 

surface of the P2 domain. Residues that participate in monoclonal antibody binding 

include S487, S488, T489, P491, D496, T497, N562, T564, G591 and P592. Similar 

mutants were also tested for binding to Huh7 and A549 cells, both susceptible to HEV 

infection. Mutants that failed to bind to cells contain T489, P491, N560, Y561, N562, 

T564, T585, and T586 (Yamashita et al, 2009). These detailed epitope and cell receptor 

mapping results confirm two of our structural predictions above: (1) the three exposed 

large loops (aa 482-490, 550-566, and 583-593) play an important role in antigenicity 

determination; (2) One of the potential cell receptor binding sites exists on top of the 

HEV surface spike in the P2 domain, between loops 550-566 and 583-593 (Figure 5.8). 

In addition, the sequence of our other potential cell receptor site on the PI 

domain, 376ADTLLGGLPTELISSA391, is strictly conserved among all four HEV 

genotypes, suggesting that it has an important functional role in cell receptor binding. 

The putative sugar binding motif in the PI domain (aa 376-391) forms a hidden pocket at 

the interface between two HEV-CP molecules around the three-fold axes (Figure 5.6 c, 

purple arrows). Therefore, receptor binding to PI may potentially lead to the 

destabilization of the HEV-CP trimer, resulting in conformational changes that eventually 

lead to membrane penetration and genome release into the infected cell. It is also 

interesting to note that this potential sugar binding site, though on the surface, sits right at 
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(b) 

Figure 5.8 Mapping (a) epitope neutralization sites and (b) cell 
receptor binding sites on the P2 domains (view from top). The dimeric 
P barrel domains are colored pink. Our structural predictions of the 
antibody neutralization sites are colored in magenta (aa 482-490, 550-
566, and 583-593), and cell receptor binding sites are colored in cyan 
(aa 550-566, and 583-593). Dotted loops are drawn to fill in the 
disordered regions. Mash blobs represent the residues shown to be 
involved in antigenicity and receptor binding according to the report 
by Yamashita et al, 2009. 



the stem of the protruding spikes (P2), where a l l , P21, loop P21/022, and P22 from the 

P2 domain shield this site from neutralization. In the event of infection, the long and 

flexible inter-domain linker (aa 445-462) allows the protruding spikes to tilt, thus, 

exposing the PI sugar binding motif for host cell binding. The tilting of the spikes may 

be facilitated by first anchoring the virus onto the host cells through the P2 receptor 

binding sites (on top of the spikes). 

5.4 A proposed model for a native T=3 particle 

Based on the T=l HEV VLP structure, we have modeled a T=3 capsid by aligning 

the S domain of HEV with that of the three quasi-equivalent capsid protein molecules, A, 

B, and C from TBSV (Olson et al, 1983) (Figure 5.9). TBSV is one of the closest 

structural homologs of HEV-CP according to Dali. Previous studies on small plant RNA 

viruses, insect nodaviruses, and caliciviruses all indicate that the assembly of T=3 viral 

capsid requires two different forms of dimers: one that is flat, sitting on 2-fold axes, and 

another that has an inwardly bent conformation, located on quasi 2-folds (Harrison, 

2007). Therefore, it is likely that the assembly of a T=3 HEV capsid follows the same 

principle. By superimposing the S domains, the HEV-CP PI domain is also brought close 

to quasi 3-fold axes, forming trimeric protrusions similar to those seen in T=l VLP. The 

P2 domain, however, needs manual adjustments to make close dimer contacts. Such 

variations in P2 orientation can easily be accommodated by the flexible hinge linker 

between PI andP2. 
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T=1 T=3 A-B T=3 C-C 

Figure 5.9 The T=3 HEV capsid model, (a) The overall structure. The three quasi-equivalent 
CP molecules A, B, and C are colored blue, red, and yellow, respectively. One asymmetric 
unit is highlighted along with icosahedral symmetry axes, (b) T=l VLP dimer. (c) T=3 A-B 
dimer. (d) T=3 C-C dimer. All three dimers are viewed from the side of their 2-fold 
symmetry axes. The line drawings at the bottom of the CP dimers illustrate the different 
hinge angles observed in different dimers. Figure modified from Guu et al, 2009. 
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For a T=l particle with an inner diameter of- 120A, its volume is only sufficient 

to package ~1 kb of RNA. The 7.2 kb genome of the HEV requires an internal volume 

with a diameter of at least ~ 210 A (Xing et al, 1999), which a T=3 particle can 

accommodate. Our simulated T=3 HEV capsid has an inner diameter of -220 A and an 

outer diameter of -370 A, consistent with the previous immunoelectron microscopy 

observation of a native HEV virion (Xing et al, 1999). Large depressions are found on 5-

fold as well as quasi 6-fold symmetry axes. There are a total of 90 dimeric surface spikes 

(two types, C-C and A-B) and 60 trimeric protrusions (one type, A-B-C). Comparison of 

the C-C and A-B dimers to the T=l VLP dimer reveals that the C-C and A-B dimers are 

flatter, with C-C dimer the flattest among the three (Figure 5.9 b, c, and d). The reason 

that recombinant T=3 HEV particles have not been observed is likely because the flat 

dimers are energetically unfavorable in the absence of genomic RNA and/or the rest of 

the N-terminal arm, which contain a typical signal sequence (aa 1-22) followed by an 

arginine-rich region (aa 23-111). A role for the N-terminal arm is supported by the fact 

that the N-terminal peptide 118-131 needs to adopt a different configuration in the T=3 

particle: in our T=3 model the peptide points toward the interior of the particle and does 

not make contacts with neighboring molecules. The importance of the N-terminal arm in 

regulating particle size has been well-documented (Harrison, 2007). While the native 

TBSV, turnip crinkle virus (TCV), and cucumber necrosis virus (CNV) adopt a T=3 

form, cleavage of the N-terminal peptides results in T=l particle formation (Hsu et al, 

2006; Katpally et al, 2007; Sorger et al, 1986). As in the example of the tomato bush 

stunt virus illustrated in Chapter 1 (1.1.2), the presence of an N-terminal peptide may 

allow the creation of dimers of different base curvatures (a curvaceous A/B conformation 
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with the disordered arm, and a flatter C/C conformation with the ordered arm), which are 

necessary for the formation of the more expanded "quasi-equivalent" T=3 particle. 

As the interactions around the 5-fold and quasi 6-fold are weak, the assembly of 

HEV T=3 capsid likely proceeds through the formation of trimers of dimers, which then 

oligomerize near the 5-fold and quasi 6-fold symmetry axes to complete the assembly 

process. A similar scheme has been proposed for tombus viruses, such as TCV. The 

building unit of TCV is a dimer. At the onset of assembly, a trimer of dimers (C/C 

conformation) is formed through association with a "P annulus", consisting of three N-

terminal arms. The next round of dimers added to this trimeric complex must adopt the 

A/B conformation, since there is no room for an additional N-terminal arm. At the same 

time, the successive addition of dimers seems to conform to the internal architectural 

curvature (scaffold) at the point of addition. Thus, the different degree of curvature of the 

A/B and C/C conformations provide a general guideline to the assembling process 

(Sorger et ah, 1986). However, the calicivirus appears to follow an alternative pathway. 

The more extensive contact surface between the "curved" A/B dimers at the five-fold 

axis suggest that the pentamers of dimers may first associate, followed by bringing in the 

"flat" C/C dimers to complete the assembly (Prasad et ah, 1999). 

5.5 Structural comparison between HEV-CP and calicivirus 

The capsid structure of HEV differs from that of calicivirus in several major 

respects. First, there is a domain-crossing for HEV-CP between P2 and Pl/S domains 
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(Figure 5.10 a). The calicivirus dimer appears in a parallel fashion (Figure 5.10 b). 

However, domain-crossing seems to be unique to HEV, since other animal viruses (e.g. 

SMSV) and plants viruses (e.g. TBSV, TCV, CMV) also exhibit parallel dimeric 

topology. Second, the three domains S, PI, and P2 are arranged in a linear sequence in 

HEV-CP. In calicivirus, the P2 domain is a large insertion in the PI domain (aa 278-405, 

Figure 5.10 c). Third, the structural folds of the PI domains in the two viruses are 

unrelated. Fourth, the PI domain of HEV-CP forms trimeric protrusions whereas the PI 

domain of calicivirus capsid protein interacts near the icosahedral 2-folds. Fifth, the 

HEV-CP S domain is more closely related to plant T=3 viruses, whereas the calicivirus 

capsid protein is more similar to picornaviruses. For example, a Dali search found that 

the best structural homolog of the NV capsid protein S domain (excluding other members 

of the Caliciviridae family) was human rhinovirus serotype 2 (Z score = 15.5) 

(Verdaguer et ah, 2000), closely followed by coxsackievirus (Muckelbauer et ah, 1995), 

cricket paralysis virus (CPV) (Tate et ah, 1999), and other picorna or picorna-like 

viruses. Plant T=3 viruses are ranked much lower with the first being sesbania mosaic 

virus (SMV) (Z score = 12.5) (Bhuvaneshwari et al, 1995), which is a sobemovirus. 

Last, HEV codes for a methyltransferase so its genome should have a 5'-cap like plant 

T=3 viruses. Caliciviruses, however, use protein-primed RNA synthesis and have a VPg-

linked genome like picornaviruses. These differences suggest that HEV and caliciviruses 

may have evolved through two separate lineages that are related to small plant (+)RNA 

viruses and picornaviruses, respectively. It would be interesting to determine whether 

further structural analysis of common non-structural proteins from HEV, TBSV and 

calicivirus would also lead to the same conclusion once these become available. 
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Figure 5.10 Comparison of the (a) HEV (T=l dimer) and (b) Norwalk virus (T=3 
A/B dimer). Each CP monomer is colored pink and blue. All domains are labeled, (c) 
Protein sequence and secondary structure assignment of Norwalk virus. Residue 
letters are labeled green for N-terminal peptide, yellow for shell (S) domain, red for 
PI domain, blue for P2 domains, and black for disordered region. (Prasad et al, 
1999). 



The S domain exhibits a classic jelly-roll P barrel fold, commonly conserved among 

small ssRNA viruses. Moreover, the S domains form an intact capsid core conforming to 

icosahedral symmetry. Both PI and P2 adopt a typical P barrel fold, and they are 

connected by a long linker. This proline-rich flexible linker may confer HEV protection 

against proteolysis. In addition, the linker offers the freedom for CP-dimers to properly 

adopt A/B and C/C conformations for a T=3 native particle. The PI domain forms 

isolated three-fold protrusions. Structural alignment using the Dali server implicates a 

potential sialic acid binding motif on the PI domain, lying at the three-fold interface. 

Binding to host cell receptors may perturb the compact capsid core and lead to 

subsequent genome release. The P2 domain forms a homo-dimer, each of which 

constitutes one of the 30 surface spikes of the VLP. Three large P2 loops on the surface 

are involved in antibody recognition. In addition, two of these loops are implicated as a 

potential binding site for blood sugar. 

Based on the buried surface areas around the symmetry-related axes of the VLP, 

the two-fold interaction interface is the strongest, followed by the three-fold, and the five

fold is the weakest. Thus, the CP homo-dimer should be the assembly unit. Due to a close 

structural resemblance between the HEV-CP and the TBSV, we used the TBSV as a 

model to build a native T=3 HEV particle. From the structural modeling, the A/B and 

C/C dimers exhibit considerably less curvature than the dimeric conformation of the T=l 

VLP, with the C/C dimer being the flattest. The weak interaction at the five-fold and 

quasi-six-fold symmetry axes of the T=3 particle suggests that the assembly pathway of 

HEV may start with a trimer of dimer similar to TCV. When compared to the calicivirus, 
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CHAPTER VI. CONCLUSIONS AND PERSPETIVES 

The structure of the hepatitis E virus has been a subject of intensive study since 

the first three-dimensional EM reconstruction was published a decade ago (Xing et al, 

1999). Active research has been conducted on the HEV ORF2, due to its high protein 

yield in an insect cell expression system and its immediate application to vaccine 

development. The HEV subviral structure (of the CP aa 112-608) provides an important 

framework to better understand and model the molecular biology of the hepatitis E virus, 

especially in the absence of an effective viral cell culture system (reviewed in Emerson 

and Purcell, 2007; Panda et al, 2007; Vasickova et al, 2007). Our atomic structure of the 

VLP has elucidated areas such as capsid assembly, cell receptor binding, and antibody 

neutralization of HEV (Guu et al, 2009). The conclusions of our structural studies and 

future research directions are discussed below. 

6.1 Summary of major findings 

We have successfully solved the crystal structure of the HEV subviral particle to 

3.5 A using phase extension, under the somewhat unfavorable conditions of scarce low-

resolution reflections for the native crystal data and a less-than-ideal EM phasing model. 

Nevertheless, the 20-fold NCS-averaging has proven to be a powerful tool. As a result, 

the final density map of the VLP was of excellent quality, with continuous main chain 

density and distinct side-chain densities. Our atomic model indicates that there are three 

linear domains for HEV VLP: a shell (S), a protrusion 1 (PI), and a protrusion 2 (P2). 
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the three HEV domains are arranged in a linear fashion; however, the P2 domain of 

calicivirus is a large insertion in the PI domain. The PI domains from these two viruses 

are also unrelated. In addition, the S domain of HEV appears to be closely related to that 

of several small plant (+)ssRNA viruses. On the other hand, the calicivirus bears a greater 

resemblance to small animal RNA viruses, such as picornaviruses (Hogle et al). This 

evidence may imply a separate lineage for HEV and the calicivirus during evolution, 

despite an earlier effort to classify HEV as a calicivirus based on general viral 

morphology. 

6.2 Structural comparisons of the HEV-CP of different genotypes 

Prior to the completion of my thesis, the atomic coordinates of two other 

independently determined HEV-CP were released: 2ZTN (aa 112-608, Yamashita et al, 

2009) and 3GGQ (aa 455-602, Li et al, 2009). Table 3 summarizes some important 

statistical information about the three PDB entries. PDB ID 2ZTN encompasses the same 

region of the CP (aa 112-608) as our 3HAG, but with a different crystal space group and 

unit cell dimensions. PDB ID 3GGQ contains only the P2 domain (aa 455-602). 

Superposition of 3HAG and 2ZTN reveals very similar overall structure, as genotype 4 

(3HAG) and genotype 3 (2ZTN) share 95% amino acid sequence identity, with an RMSD 

of 0.7 (Figure 6.1). While the S and PI domains of the two entries exhibit a high degree 

of similarity (RMSD 0.5), the difference in the P2 domain between the two entries is 

more pronounced (RMSD 1.2). Close examination of the P2 domain of 3HAG and 2ZTN 

confirms the exact directionality (which also coincides with that of 3GGQ), despite some 
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Figure 6.1 Structural superposition of 3HAG (blue) and 2ZTN (pink). 
Dashed arrows point to the differences in secondary structural elements 
on the surface loops of the P2 domain. 

<2_ 

P2 

'i 
Figure 6.2 Structural superposition of the spike domain of 3HAG (blue), 
2ZTN (pink), and 3GGQ (cyan). The orange star indicates the potential 
cell receptor-binding site and three solid arrows points to the antibody 
recognition sites. 
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noticeable differences in the secondary structural elements on the surface of the P2 

domain, e.g., the P2 domain of 2ZTN has a greater amount of flexible loops on the 

surface (dashed arrows in Figure 6.1). Aligning the P2 of 2ZTN and 3GGQ reveals a 

slightly higher degree of differences (RMSD 1.5), whereas the same alignment of the P2 

of 3HAG and 3GGQ produces an RMSD of 0.7. The superposition of the P2 domain of 

all three PDB entries (which share 83-89% amino acid sequence identity between 

genotypes 1,3, and 4) indicates a significant degree of variations along the loop regions, 

including aa 480-490 (arrow 3), aa 503-507, aa 516-526, aa 549-566 (arrow 1), aa 570-

580, and aa 582-593 (arrow 2) (Figure 6.2). However, amino acid sequence alignment of 

all three genotypes shows that the amino acid variations are not heavily populated in 

these loop regions (Figure 6.3). Therefore, such structural variations may be the inherent 

flexibility of the exposed loops (as mediated by the different crystallization conditions), 

which are shown to be involved in host-cell binding and antibody recognition (Yamashita 

et al, 2009). 

Table 3. Statistical information of the three PDB entries pertaining to HEV-CP 

PDB ID 
Construct 
HEV genotype 
Resolution, (A) 
Space group 
Unit cell dimension 
(A) 
K-work ' *Mree 

Disordered region 
(amino acid) 

3HAG 
112-608 

4 
60-3.5 

P63 

a, 6 = 241.1, 
c = 519.9 

27.67% / 28.60% 
112-117, 148-149, 
357-360, 483-488, 
574-576, 589-593, 

606-608 

2ZTN 
112-608 

3 
50-3.55 
P2i2,2i 

a= 336.8, b = 349.4, 
c = 359.5 

30.5% / 30.9% 
112-128,486-487, 
550-560, 607-608 

3GGQ 
455-602 

1 
50-2.0 
R32 

o,fe=111.5, 
c = 84.3 

19.75%/24.01 % 
455-458 
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CLUSTAL 2.0.11 multiple sequence alignment 

HEV genotype 3 MRPRAVLLLLFVLLPMLPAPPAGQPSGRRRGRRSGG 36 
HEV genotype 4 MNNMFFCSVHGDATMRSRALLFLLFVLLPMLPAPPAGQPSGRRRGQ—AG 48 
HEV genotype 1 MRPRPILLLLLMFLPMLPAPPPGQPSGRRRGRRSGG 36 
HEV genotype 2 MRPRPLLLLFLLFLPMLPAPPTGQPSGRRRGRRSGG 36 

** * .*.*....******** *********. 

HEV genotype 3 AGGGFWGDRVDSQPFALPYIHPTNPFAADWSQPGAGTRPRQPPRPLGSA 8 6 
HEV genotype 4 CGGGFWGDRVDSQPFALPYIHPTNPFASDIPAAAGTGARPRQPIRPLGSA 98 
HEV genotype 1 SGGGFWGDRVDSQPFAIPYIHPTNPFAPDVTAAAGAGPRVRQPARPLGSA 86 
HEV genotype 2 TGGGFWGDRVDSQPFAIPYIHPTNPFAPDVAAASGSGPRLRQPARPLGST 86 

***************.********** *. . *.* * *** *****. 

112 
HEV genotype 3 WRDQSQRPSAAPRRRSAPAGAAPLTAVSPAPDTAPVPDVDSRGAILRRQY 136 
HEV genotype 4 WRDQSQRPAASTRRRPAPAGASPLTAVAPAPDTAPVPDADSRGAILRRQY 148 
HEV genotype 1 WRDQAQRPAVASRRRPTTAGAAPLTAVAPAHDTPPVPDVDSRGAILRRQY 136 
HEV genotype 2 WRDQAQRPSAASRRRPATAGAAALTAVAPAHDTSPVPDVDSRGAILRRQY 136 

****.***. . *** . ***. ****.** ** **** *********** 

HEV genotype 3 NLSTSPLTSSVASGTNLVLYAAPLNPLLPLQDGTNTHIMATEASNYAQYR 186 
HEV genotype 4 NLSTSPLTSTIATGTNFVLYAAPLSPLLPLQDGTNTHIMATEASNYAQYR 198 
HEV genotype 1 NLSTSPLTSSVATGTNLVLYAAPLSPLLPLQDGTNTHIMATEASNYAQYR 186 
HEV genotype 2 NLSTSPLTSSVASGTNLVLYAAPLNPPLPLQDGTNTHIMATEASNYAQYR 186 

*********..*.***.******* * *********************** 

HEV genotype 3 WRATIRYRPLVPNAVGGYAISISFWPQTTTTPTSVDMNSITSTDVRILV 236 
HEV genotype 4 WRATIRYRPLVPNAVGGYAISISFWPQTTTTPTSVDMNSITSTDVRILV 248 
HEV genotype 1 VARATIRYRPLVPNAVGGYAISISFWPQTTTTPTSVDMNSITSTDVRILV 236 
HEV genotype 2 VARATIRYRPLVPNAVGGYAISISFWPQTTTTPTSVDMNSITSTDVRILV 236 

* ************************************************ 

HEV genotype 3 QPGIASELVIPSERLHYRNQGWRSVETTGVAEEEATSGLVMLCIHGSPVN 28 6 
HEV genotype 4 QPGIASELVTPSERLHYRNQGWRSVETSGVAEEEATSGLVMLCIHGSPVN 2 98 
HEV genotype 1 QPGIASELVIPSERLHYRNQGWRSVETSGVAEEEATSGLVMLCIHGSLVN 286 
HEV genotype 2 QPGIASELVIPSERLHYRNQGWRSVETSGVAEEEATSGLVMLCIHGSPVN 286 

********* *****************.******************* ** 

HEV genotype 3 SYTNTPYTGALGLLDFALELEFRNLTPGNTNTRVSRYTSTARHRLRRGAD 336 
HEV genotype 4 SYTNTPYTGALGLLDFALELEFRNLTPGNTNTRVSRYSSSARHKLRRGPD 348 
HEV genotype 1 SYTNTPYTGALGLLDFALELEFRNLTPGNTNTRVSRYSSTARHRLRRGAD 336 
HEV genotype 2 SYTNTPYTGALGLLDFALELEFRNLTTCNTNTRVSRYSSTARHSAR-GAD 335 

************************** *********.*.*** * * * 

HEV genotype 3 GTAELTTTAATRFMKDLHFAGTNGVGEVGRGIALTLFNLADTLLGGLPTE 38 6 
HEV genotype 4 GTAELTTTAATRFMKDLHFTGTNGVGEVGRGIALTLFNLADTLLGGLPTE 398 
HEV genotype 1 GTAELTTTAATRFMKDLYFTSTNGVGEIGRGIALTLFNLADTLLGGLPTE 38 6 
HEV genotype 2 GTAELTTTAATRFMKDLHFTGLNGVGEVGRGIALTLLNLADTLLGGLPTE 385 

*****************.*. *****.********.************* 
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HEV genotype 3 LISSAGGQLFYSRPVVSANGEPTVKLYTSVENAQQDKGITIPHDIDLGDS 436 
HEV genotype 4 LISSAGGQLFYSRPWSANGELTVKLYTSVENAQQDKGVAIPHDIDLGES 448 
HEV genotype 1 LISSAGGQLFYSRPWSANGEPTVKLYTSVENAQQDKGIAIPHDIDLGES 436 
HEV genotype 2 LISSAGGQLFYSRPWSANGEPTVKLYTSVENAQQDKGVAIPHDIDLGDS 435 

********************* ****************. .********.* 

HEV genotype 3 
HEV genotype 4 
HEV genotype 1 
HEV genotype 2 

RWIQDYDNQHEQDRPTPSPAPSRPFSVLRANDVLWLSLTAAEYDQTTYG 48 6 
RWIQDYDNQHEQDRPTPSPAPSRPFSVLRANDVLWLSLTAAEYDQTTYG 4 98 
RWIQDYDNQHEQDRPTPSPAPSRPFSVLRANDVLWLSLTAAEYDQSTYG 48 6 
RWIQDYDNQHEQDRPTPSPAPSRPFSVLRANDVLWLSLTAAEYDQSTYG 4 85 
********************************************** . * * * 

HEV genotype 3 SSTNPMYVSDTVTLVNVATGAQAVARSLDWSKVTLDGRPLTTIQQYSKTF 53 6 
HEV genotype 4 SSTNPMYVSDTVTFVNVATGAQGVSRSLDWSKVTLDGRPLTTIQQYSKTF 54 8 
HEV genotype 1 SSTGPVYVSDSVTLVNVATGAQAVARSLDWTKVTLDGRPLSTIQQYSKTF 536 
HEV genotype 2 SSTGPVYISDSVTLVNVATGAQAVARSLDWSKVTLDGRPLPTVEQYSKTF 535 

*** *.*.**.**.******** *.*****.********* *..****** 

HEV genotype 3 
HEV genotype 4 
HEV genotype 1 
HEV genotype 2 

YVLPLRGKLSFWEAGTTKAGYPYNYNTTASDQILIENAAGHRVAISTYTT 586 
YVLPLRGKLSFWEAGTTKAGYPYNYNTTASDQILIENAAGHRVCISTYTT 598 
FVLPLRGKLSFWEAGTTKAGYPYNYNTTASDQLLVENAAGHRVAISTYTT 58 6 
FVLPLRGKLSFWEAGTTKAGYPYNYNTTASDQILIENAAGHRVAISTYTT 585 
. • i t * * * * * * * * * * * * * * * * * * * * * * * * * * * * . * . * * * * * * * * * * * * * * 

HEV genotype 3 
HEV genotype 4 
HEV genotype 1 
HEV genotype 2 

608 
SLGAGPTSISAVGVLAPHSALAVLEDTIDYPARAHTFDDFCPECRTLGLQ 636 
NLGSGPVSVSAVGVLAPHSAIAALEDTADYPARAHTFDDFCPECRALGLQ 64 8 
SLGAGPVSISAVAVLAPHSALALLEDTLDYPARAHTFDDFCPECRPLGLQ 63 6 
RLGAGPVAISAAAVLAPRSALALLEDTFDYPGRAHTFDDFCPECRALGLQ 635 
**.** ..** ****.**** **** *** ************* **** 

HEV genotype 3 
HEV genotype 4 
HEV genotype 1 
HEV genotype 2 

GCAFQSTIAELQRLKMKVGKTRES 660 
GCAFQSTVGELQRLKMKVGKTREY 672 
GCAFQSTVAELQRLKMKVGKTREL 660 
GCAFQSTVAELQRLKVKVGKTREL 659 
*******. ******.******* 

Figure 6.3 Amino acid sequence alignment of HEV-CP of genotype 1, 2, 3 and 4. 
Sequence start with aa 112 is colored in red, and end with aa 608 is colored in magenta. 
The potential cell receptor binding site on the PI domain is colored in orange. The linker 
connecting PI and P2 domains is colored in green. The three surface loops involved in 
antibody recognition are colored in brown, blue and purple. The two surface loops 
involved in host-cell binding on the P2 domain are colored in blue and purple. "*" means 
that the residues in that column are identical in all sequences. ":" means that conserved 
substitutions have been observed. "." means that semi-conserved substitutions are 
observed. The UniProtKB/SwissProt IDs for genotype 1, 2, 3, and 4 are P29326 
(Burma), Q03500 (Mexico), Q9YLQ9 (US), Q9IVZ8 (China), respectively. 
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6.3 Future directions 

There are two major areas that I would like to pursue further for this project: the 

cell receptor binding mechanism and the structure of a T=3 viral particle. Sialic acids are 

the monosaccharide units typically attached to the terminal position of the glycan chains 

of glycoproteins and glycolipids (Varki and Varki, 2007). They are a family of sugars 

with a nine-carbon backbone. Their diversity is generally introduced by various linkages 

to the underlying sugar chain at the C2 position, as well as several types of substitutions 

at the C4, C5, C7, C8, and C9 positions (Figure 6.4, Varki and Varki, 2007). Sialic acids 

are best known for binding to various viruses, e.g. polyomavirus (Stehle et al, 1994) and 

influenza virus haemagglutinin (Weis et al, 1988). Since the HEV-CP PI domain 

exhibits a similar fold to that of the endosialidase of the bacteriophage K1F, it is likely 

that our newly identified helix-turn-helix motif on the PI domain may also bind to cell 

receptors. There are two questions to answer: the precise location of the cell receptor 

binding site on the PI domain and the specific type of sialic acids that bind to HEV-CP. 

Since the putative sialic acid binding site is mapped to aa 376-391, site-directed 

mutagenesis or partial deletion (total deletion of this motif will most likely result in 

misfolding) of this motif can be carried out to generate mutant VLP. Similar in vivo cell-

binding assays, as described previously (Stevenson et al., 2004; Yamashita et al., 2009), 

can be performed to assess the effects of the mutation. In brief, human hepatoma cells, 

Huh 7 (susceptible to HEV infection), are incubated with mutant VLP and native VLP (as 

a positive control). The incubated sample is then stained with a biotinylated monoclonal 

antibody that specifically targets the P2 domain and fluorescein-conjugated streptavidin. 

The level of binding activities of mutant VLPs are then evaluated by flow cytomery. 
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Cells that do not bind to HEV, e.g. P815, can be used as negative controls (He et al, 

2008a). 

R2 = H in free Sia; alpha linkage to Gal{3/4/6), GalNAc(6), 
GlcNAc(4/6)orSia(8/9) 

R4 = H or Oacetyl 
R5 = Amino, W-acetyl, W-glycolyl or Hydroxyl 
R7 = H, O-acetyl 
R8 = H, O-acetyl, Omethyl, Osulfate or Sia 
R9 = OH, O-acetyl, Olactyl, O-phosphate, Osulfate or Sia 

Figure 6.3 Structural diversity of sialic acids. Numberings of 9 carbons 
backbone are shown in red. A variety of linkages to the underlying sugar chain 
from C2 is listed under R2. Other substitutions at C4, C5, C7, C8 and C9 
positions are also listed (Varki and Varki 2007). 

Alternatively, an in vitro sialic acid binding assay can be developed to assess the 

type of sialic acids specific to HEV VLP. Fetuin agarose affinity chromatography 

(Sigma) can be used to bind native HEV VLP. Fetuins are blood proteins that are made in 

the liver and secreted into the blood stream. They belong to a large group of binding 

proteins that mediate the transport and availability of a wide variety of cargo substances 

in the blood-stream. The best known representative of these carrier proteins is serum 

albumin, the most abundant protein in the blood plasma of adult animals. Fetuin is more 

abundant in fetal blood, hence the name "fetuin" (from Latin, fetus). Because fetuin is 

heavily glycosylated, it can be used as a bait to test HEV VLP binding to sialic acids. If 
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binding occurs, the bound VLP can subsequently be released by treating with 

neuraminidases. Type-specific neuraminidases (North Star) can be used to probe the 

sialic acid species specific to HEV: examples include the a(2-3) neuraminidase of 

streptococcus penmonia and the a(2-3, 2-6) neuraminidase of Clostridium perfringens 

(Dugan et al, 2005; Dugan et al, 2008). In addition, various types of sialic acids will be 

added as inhibitors to see whether the binding of VLP to fetuin-agarose can be inhibited. 

From the review article by Angata and Varki, JV-acetylneuraminic acid (Neu5Ac), N-

glycolylneuraminic acid (Neu5Gc) and a(2-3) and a(2-6) linkage to Galactose seem to be 

the most popular sialic acid types for viruses (Angata and Varki, 2002). Both Neu5Ac 

and Neu5Gc are very common sialic acids in mammalian cells (Varki and Varki, 2007), 

thus, they are the first candidates to test. Eventually, we would like to co-crystallize HEV 

VLP or CP with a sialic acid and solve the structure of the complex. Understanding the 

atomic forces that govern virus-host cell interactions may assist in designing antiviral 

drugs that block viral entry and curb HEV infection. 

We would also like to study the viral assembly of a native HEV T=3 particle. In 

the absence of the first 111 N-terminal residues, HEV adopts a T=l symmetry. As 

discussed in the introduction, when expressing full-length ORF2 protein (aa 1-660) or its 

truncated species (aa 112-660), the proteins were proteolytically processed in vivo to the 

shortest and most stable construct of 53 kD (aa 112-608) (Li et al, 2005b; Li et al, 1997; 

Robinson et al, 1998; Xing et al, 1999) at 5-6 days post-infection. From the structural 

modeling of a T=3 particle, we learned that the N-terminal arm may play an important 

role in creating the A/B and C/C dimers, necessary for the T=3 particle formation. 
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However, it is not known what portion of ORF2 constitutes a T=3 particle. From a 

detailed C-terminal deletion mutagenesis study, it was concluded that residues beyond the 

C-terminal aa 601/608 are not essential for particle formation (Li et al., 2005b). 

However, the same study only investigated particle formation to aa 112 at the N-terminal 

end. Therefore, we would like to determine what the essential component of the N-

terminal fragment (aa 1-111) is for forming a native viral particle. From the secondary 

structure prediction, PSIPRED (Jones, 1999), the major secondary structural composition 

of this region is a coil, with the exception of a short p strand (aa 5-9) and an a helix (aa 

15-30). Thus, a series of N-terminal truncated ORF2 can be constructed and expressed in 

Sf21 and Tn5 cells, including aa 10-608, 30-608, 50-608, 70-608, 90-608 and 100-608. 

The mutants will then be purified using sucrose gradient ultracentrifugation, as described 

previously (Li et al, 2005b; Xing et al, 1999), and examined under EM to determine 

whether the T=3 particles that have a 370 A outer diameter have formed. Subsequently, 

since the protein yield for ORF2 is generally high, a high-throughput robotic screening of 

these individual constructs should be able to be completed in a few months. Once the 

crystallization conditions are optimized, we can solve the structure of the T=3 native 

particle by molecular replacement either using the monomeric CP or using the simulated 

T=3 as the initial phasing model. Lastly, although we cannot rule out a possible role that 

vRNA may play in the encapsidation process, it is difficult to evaluate the role of vRNA 

in the formation of a native virion in the absence of a viable reverse genetic system for 

HEV. 
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We are fascinated by the in vitro self-assembly of HEV-CP, as expression cell 

lines appear to make a huge difference in whether HEV-CP is expressed as a soluble 

dimer or as a T=l VLP. Previous reports suggest that two factors may affect VLP 

formation: (1) over-expression insect cell lines, and (2) the pH of the environment. In 

summary, over-expressing ORF2, coding for CP aa 112-608, resulted in the assembly of 

T=l VLPs in insect cell lines, Tn5 and Sf9, at five or six days post-infection (Li et al, 

2005b; Li et al, 1997). Interestingly, when the buffer pH is raised from 6.2 to 8.5, VLPs 

dissociate into dimers (Xing et al, 1999). In our studies, the same coding sequence 

expressed in Sf21 cells only produced dimers, which remained stable at pH 7.5 and 4°C 

for over a month. However, dimeric HEV-CP self-assembled into VLPs during 

crystallization. We preliminarily tested the effects of the salt concentration and pH on the 

oligomerization of CP, and found that 1M Li2SC"4 and a pH of 6.5 were essential to 

induce oligomerization of CP as determined by gel filtration chromatography (Figure 

6.5). Whether the oligomerized CP formed VLPs remains to be determined. Ultimately, 

we would like to study the viral particle assembly and T=l/T=3 particle conversion of the 

HEV in an in vitro assay. 
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Volume (ml) 

Figure 6.5 The superose 6 elution profile for the oligomerization of HEV-CP. HEV-
CP was incubated in buffers with different (concentration of) salts and pH at room 
temperature for three days, before injecting into a superose 6 gel filtration column. 
Different buffer conditions are represented in different color pattern lines. HEV-CP 
monomer, dimer and oligomer peaks are labeled. The protein standard peaks are 
marked in arrows. This figure is prepared by Qiaozhen Ye. 
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A B S T R A C T 

The influenza A virus polymerase consists of three subunits (PA, PB1, and PB2) necessary for viral RNA 
synthesis. The heterotrimeric polymerase complex forms through PA interacting with PB1 and PB1 
interacting with PB2. PA has been shown to play critical roles in the assembly, catalysis, and nuclear 
localization of the polymerase. To probe the structure of PA, we isolated recombinant PA from insect cells. 
Limited proteolysis revealed that PA contained two domains connected by a 20-residue linker (residues 257-
276). Far-UV circular dichroism established that the two domains folded into a mixed a/p structure when 
separately expressed. In vitro pull-down assays showed that neither individually nor cooperatively expressed 
PA domains, without the linker, could assure PA-PB1 interaction. Protease treatment of PA-PB1 complex 
indicated that its PA subunit was significantly more stable than free PA, suggesting that the linker is protected 
and it constitutes an essential component of the PA-PB1 interface. 

© 2008 Elsevier Inc. All rights reserved. 

Introduction 

The influenza A virus, a family Orthomyxoviridae pathogen of 
mammals and birds, contains eight negative-sense RNAs that encode 
eleven proteins (Chen et al , 2001; Whittaker, 2001). The influenza 
RNA-dependent RNA polymerase consists of three subunits (PA, PB1, 
and PB2) responsible for viral replication and transcription. During 
replication, a negative-sense vRNA acts as a template for the synthesis 
of a non-polyadenylated, positive-sense cRNA. This cRNA is subse
quently used to generate negative-sense vRNA progeny. Although viral 
replication is primer-independent, initiation of viral transcription 
requires a capped mRNA fragment primer (Lamb and Krug, 2001). 

Various accounts of the necessary minimal composition for a 
functional polymerase complex capable of synthesizing vRNA, cRNA, 
and mRNA have been reported over the years. It was reported that PB1 
alone could transcribe RNA template in vitro (Kobayashi et al., 1996) and 
could catalyze cRNA synthesis (Nakagawa et al., 1996). Others showed 
that the PB1-PB2 complex exhibited catalytic properties similar to 
those of the PA-PB1-PB2 complex, while the PA-PB1 complex was able 
to initiate de novo (i.e., primer-independent) RNA synthesis, suggesting 
that the catalytic specificity of the PB1 subunit was modulated to 
transcriptase or to replicase by binding to PB2 or PA, respectively 
(Honda et al., 2002). In contrast, other findings indicated that PB2 was 
essential for both primer-dependent and de novo initiation (Deng et al., 
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2005; Lee et al , 2002). Still, some PA mutants impaired the ability of the 
polymerase complex to synthesize mRNA, cRNA, and vRNA, implying 
that PA played a critical role in both transcription and replication (Fodor 
et al., 2002). It is now widely accepted that all three polymerase 
subunits are required for the synthesis of vRNA, cRNA and mRNA. 

Specific functions have been assigned to the PB1 and PB2 subunits 
of the heterotrimeric polymerase complex. PB1 contains the S-D-D 
motif characteristic of RNA-dependent RNA polymerases and is the 
catalytic site for RNA synthesis (Argos, 1988; Biswas and Nayak, 1994; 
Braam et al., 1983). Indeed, the binding sites for 5'- and 3'-vRNA and 
cRNA are located on the PB1 subunit (Fodor et al., 1993; Gonzalez and 
Ortin, 1999; Li et al., 1998). And although PB1 possesses the 
endonudease activity required to snatch capped primers from host 
mRNA to initiate transcription (Li et al., 2001), PB2 is responsible for 
binding to the cap structure of the host mRNA (Fechter et al., 2003; Li 
et al., 2001). Unlike PB1 and PB2, the role of PA in viral replication and 
transcription is not well defined. 

Many genetic studies have investigated the functions of PA. For 
example, an R638A mutation resulted in the generation of defective 
interfering RNA, implying that PA could act as an elongation factor 
(Fodor et al., 2003). An H510A mutation resulted in negligible 
transcriptional activity, while viral replication was unaffected. In 
vitro analysis of the recombinant polymerase carrying a PA H510A 
mutation revealed that the endonuclease activity of the polymerase 
was severely impaired (Fodor et al., 2002). In addition, three other 
residues were later identified to be involved in cap binding (K102) and 
endonuclease activities (D108 and K134) (Hara et al., 2006). These 
findings suggest the possible involvement of PA in the endonuclease 
cleavage of cellular pre-mRNA, an initial step in viral transcription. In 

0042-6822/$ - see front matter © 2008 Elsevier Inc. All rights reserved. 
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addition, a T157A mutation also resulted in several defects, including 
delayed transport of PA to the nucleus and reduced replication activity, 
especially cRNA synthesis, while the transcription activity was 
unaltered (Huarte et al., 2003). The mutation of PA residues G507A 
and R508A resulted in the production of non-infectious viral particles, 
although there was little effect on transcription or replication (Regan 
et al., 2006). Moreover, studies have shown that PA was involved not 
only in the assembly of a functional viral RNA polymerase complex 
(Kawaguchi et al., 2005), but also in the assembly and release of 
influenza virions (Regan et al., 2006). PA seemingly has broad effects 
on polymerase activities, although its mechanistic underpinnings are 
not clearly understood. 

PA also exhibits nuclear transport and proteolytic activities. Its N-
terminal region (residues 1-256) contains nuclear localization signals 
(NLS), which direct the transport of PB1 from the cytoplasm to the 
nucleus (Nieto et al., 1994). It has also been noted that over-expression 
of PA in mammalian and insect cells induced the degradation of PB2 
and NP, implying that PA may function as a protease (Sanz-Ezquerro et 
al., 1995). Indeed, Hara et al. established PA as a serine protease 
(exhibiting chymotrypsin-like activity) with an active site located at 
S624 (2001). However, Sanz-Ezquerro et al. reported that the first 257 
amino acid residues were responsible for the proteolytic activity of PA 
(1996). Perales et al. linked PA-mediated induction of proteolysis to the 
replication activity of the polymerase complex (2000), yet Naffakh et 
al. reported otherwise (2001). Lastly, phosphorylated isoforms of PA 
were observed (Sanz-Ezquerro et al., 1998). However, whether this 
post-translational modification of PA plays a role in its protease activity 
or in the RNA synthesis of the polymerase complex remains unclear. 

A crystal structure of the polymerase complex or its subunits has 
yet to be elucidated. The only available three-dimensional structure of 
the polymerase complex, determined by electron microscopy to 23-A 
resolution, shows a compact structure with no apparent boundaries 
between subunits (Area et al., 2004). Efforts have been undertaken to 
dissect the molecular anatomy of the polymerase complex. Current 

wisdom holds that inter-subunit interaction occurs linearly: the C-
terminal region of PA binds to the N-terminal region of PB1, and the C-
terminal region of PB1 binds to the N-terminal region of PB2 
(Gonzalez et al., 1996; Ohtsu et al., 2002; Toyoda et al., 1996; Zurcher 
et al, 1996). Earlier mutagenesis studies have implicated the C-
terminal two thirds of PA in PB1 binding, whereas the first 154 N-
terminal amino acids appeared to be dispensable (Toyoda et al, 1996; 
Zurcher et al, 1996). Meanwhile, other studies have reported that the 
length of the N-terminal region of PB1 involved in PA binding ranges 
from the first 140 to the first essential 12 residues constituting the core 
of the interaction interface (Ohtsu et al, 2002; Perez and Donis, 1995, 
2001; Toyoda et al, 1996). Recently, Ghanem et al. demonstrated that a 
25-residue peptide corresponding to the PA binding domain of PB1 
was capable of abolishing the polymerase activities of the virus and of 
suppressing viral growth (2007). 

The objective of our study was to map the structural domains of PA 
and their functional roles in polymerase assembly using biochemical 
and biophysical techniques. Our results show that PA consists of two 
domains (residues 1-256 and 277-716, respectively) connected by a 
flexible linker. The linker region is buried at the PA-PB1 interface, and 
neither domain individually or collectively is sufficient for the 
formation of a stable PA-PB1 complex in the absence of the linker. 

Results 

PA domain determination by limited protease digestion 

We successfully expressed influenza virus polymerase acidic 
protein (PA) of influenza A/PR/8/34 in insect cells using a baculovirus 
expression system. Using Ni-NTA affinity, heparin affinity, gel 
filtration, and anion exchange chromatography, recombinant PA was 
purified to 95% purity, as judged by Coomassie SDS-PAGE (Fig. 1A, lane 
1). PA has 716 amino acids, corresponding to a molecular weight of 
83 kD. PA eluted from the Superdex 200 gel filtration column at the 
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Fig. 1. Domain determination and identification of the influenza PA subunit. (A) Limited protease digestion of PA by trypsin and chymotrypsin. Purified PA (1.5 mg/ml, LI) was 
digested by trypsin (0.002 mg/ml) and chymotrypsin (0.006 mg/ml) at 20 °C for various lengths of time (3.7,15, and 25 min corresponding to L2-L5 or L6-L9). Digested PA samples 
were resolved by 9% SDS-PAGE stained with Coomassie blue. Major fragments are labeled with arrows (undigested PA, 45 and 30 kD) or symbols (56 and 51 kD) and corresponding 
sizes. (B) Digested PA fragments for N-terminal sequencing. Two bands, one of chymotrypsin (-45 kD) and one of trypsin (-51 kD), were selected for N-terminal sequencing, the 
result of which is shown on the right and labeled with dashed rectangular boxes and lines. (C) Schematic diagram of PA. PA contains two major domains, one from residues 1 to 256 
(i.e., N-PA) and one from residues 277 to 716 (Le., C-PA). The zoom-in linker region displays all 20 amino acids from residues 257 to 277. N-terminal sequencing results are underlined 
and protease cleavage sites are marked. Prolines within the linker region are shown in bold. 
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~80 kD position (Fig. 2), suggesting that PA assumed a monomeric 
state in the absence of other polymerase protein subunits. We 
estimated that approximately 0.25 mg of PA protein could be purified 
from 1 1 of insect cell culture. 

Limited proteolysis is an important tool for gaining information on 
domain arrangements and flexible structural parts of large proteins for 
which no NMR or crystal structures exist. To map the domain structure 
of PA, samples of PA were subjected to limited protease digestion 
using both trypsin and chymotrypsin in separate experiments. Under 
750:1 PA-to-trypsin and 250:1 PA-to-chymotrypsin mass ratios, 
certain fragments appeared and grew stronger in intensity with 
increasing digestion time. The fragments of PA were of similar sizes 
regardless of the protease used; bands appeared at ~56, ~51, -43 and 
-30 kD for trypsin, and at -51, -45 and -30 kD for chymotrypsin (Fig. 
1 A). Similar digestion patterns were also observed when PA samples 
of the A/Udorn/72 and A/HK/97 strains were treated with trypsin and 
chymotrypsin (data not shown). An earlier study on PA from the A/ 
Puerto Rico/8/34 strain reported similar findings (Hara et al., 2006). 
The observation of persistent PA fragments from limited proteolysis 
suggested the presence of one or more flexible and exposed structural 
loops that connect polypeptide regions and may directly interact with 
one another in a folded state. 

Next we determined the identities of the PA fragments by 
performing similar proteolysis experiments on N-His-tagged PA. The 
digested PA samples were subjected to a His-Trap affinity column. The 
results showed that the -30 kD fragment was able to bind to the His-
Trap resin while the -51 kD and the -45 kD bands were not. This 
observation suggested that the proteases cleaved PA into two 
domains, the N-terminal -30 kD domain and the C-terminal -45/ 
51 kD domain. The more stable -51 kD PA fragment (compared to the 
upper -56 kD counterpart) from trypsin digestion and the -45 kD PA 
fragment from chymotrypsin digestion were submitted for N-terminal 
sequencing (Fig. IB). Sequencing results showed that the trypsin 
cleavage site was located at residues 256/257 and that the chymo
trypsin cleavage site was at residues 268/269. A closer look at the 
sequence between amino acids 250-280 revealed a high percentage of 
proline residues (a total of six) in that region. Thus, we hypothesized 
that PA consisted of two major domains, one of 30 kD (amino acids 1-
256) and one of 51 kD (amino acid 277-716), connected by a linker 
region (amino acids 257-277) that was largely flexible and exposed 
(Fig. 1C). The rationales behind the designations of the domain 
boundaries and linker region are considered in the Discussion section. 
Indeed, both trypsin and chymotrypsin digestion of the C-His tagged 

PA showed that the 51 kD fragment had an intact His-tag (anti-His 
panel of Fig. 6). Although a minor cleavage site near the C-terminus 
was occasionally observed for chymotrypsin which further reduced 
the 51 kD fragment into a 45 kD one, prolonged protease digestion of 
PA produced only two major truncated fragments of 30 and 51 kD 
(data not shown), consistent with our two-domain hypothesis. For 
clarity, in this text, the domain encompassing amino acids 1-256 will 
be referred to as N-PA and that of amino acids 277-716 as C-PA. 

Expression, purification, and biophysical characterization of PA domains 

In order to further characterize the two domains of PA, we 
developed an expression and purification protocol to obtain pure 
protein samples of both domains. As we did with PA, we sub-cloned N-
PA and C-PA into pFastbacl plasmids with 6* C-terminal His-tags. The 
domains were expressed separately in insect cells and purification steps 
similar to those used for PA were employed. Both N-PA and C-PA were 
eluted at the expected molecular weights from a Superdex 200 size-
exclusion column. Their purity was comparable to that of PA (Fig. 2). 

Once pure N-PA and C-PA were obtained, we assessed the structural 
integrity of the domains by far-UV CD spectroscopy, a method for 
evaluating protein secondary structure. In order to minimize back
ground noise, we used a simple buffer of 10 mM potassium phosphate 
and 10 mM sodium chloride, pH 7.5. Both PA and the two individual 
domains were soluble in this buffer. Comparative control experiments 
of the proteins in different buffers implied structural integrity in each 
case regardless of the buffer used (data not shown). The far-UV CD 
spectra in the 195-250 nm range with two negative maxima at 208 and 
222 nm indicated that the PA, N-PA, and C-PA were properly folded and 
contained mostly a helical content (Fig. 3). Secondary structure 
prediction based on the CD spectra revealed that all three proteins 
contained a mix of a- and ^-structure along with some unordered 
regions (Table 1). Interestingly, when the experimental CD spectra of 
N-PA and C-PA were added together, the sum closely matched the 
experimental spectrum of PA (Fig. 3). This result suggests that the 
individual domains adopt conformations similar to their structures in 
the full-length protein, further supporting our conclusion that PA 
consists of two independently folded domains. 

Interaction between the two domains of PA 

To test whether the two separate domains interact with each other 
upon mixing, separately purified C-PA and N-PA were incubated 
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Fig. 2. Gel-filtration chromatogram of purified PA and the two individual major domains. PA, C-PA, and N-PA eluted from a Superdex size-exclusion column are marked by size. The 
peak positions of protein standards are also indicated. Purified PA (LI), C-PA (L2), and N-PA (L3) were resolved by 10% SDS-PAGE stained with Coomassie blue, as shown in the upper 
left corner. The proteins, originally resolved on separate SDS-PAGE, are aligned by size. 
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Fig. 3 . Far-UV CD Spectra of PA and i ts t w o domains . The secondary s t ructure of purified 
PA, C-PA, and N-PA (all a t 1 uM) w a s p robed in t he 1 9 5 - 2 5 0 n m range. Protein buffer w a s 
10 m M potass ium p h o s p h a t e and 10 m M sod ium chloride, pH 7 .5 ,20 °C. 

together (2.13 uM C-PA, 3.2 uM N-PA, 20 °C, 1 h) and loaded on a 
Superdex 200 gel filtration column. However, no complex eluted at 
the position of PA (i.e, at 72 ml); instead, C-PA and N-PA eluted at the 
volumes corresponding to the individual domains (80 ml for C-PA, 
87 ml for N-PA) (data not shown). Similar results were observed on the 
Superosel2 gel filtration column, even when higher concentrations of 
C-PA and N-PA were used in the mixture (16 uM C-PA, 24 uM N-PA). 
We also co-expressed both PA domains by co-infecting insect cells 
with C-PA and N-PA recombinant baculoviruses. However, size-
exclusion chromatography revealed that C-PA and N-PA did not 
interact with each other even when expressed simultaneously. 

Thermal stability of PA and individual domains 

We investigated the thermal stability of PA, C-PA, and N-PA using 
far-UV CD. Upon protein denaturation, the negative CD signal at 
220 nm decreases towards zero, indicating an unfolded polypeptide. 
We found that thermal denaturation of all three proteins was 
irreversible; cooling of the samples after heating did not result in 
recovery of native-like CD signals. The proteins likely aggregated upon 
unfolding, causing the process to be irreversible. This phenomenon is 
common for large or cysteine-rich proteins; indeed, C-PA and N-PA 
have 10 and 4 cysteines, respectively. At high temperatures, cysteines 
readily oxidize to sulfonic acid or crosslink to form disulfides. Our 
attempts to overcome this problem by testing a range of buffers and 
additives were unsuccessful. To facilitate comparison of the thermal 
resistance among the proteins, experiments were conducted at 
identical heating rates. Because of this fact, thermal mid-points (Tm) 
are of only relative value. At identical conditions, the Tm for N-PA was 
46 °C and the Tm for C-PA was 61 °C (pH 7.5,0.5 °C/min). Both protein 

Table 1 
Prediction of PA, N-PA, and C-PA secondary s t ruc ture 

Protein 

PA 
N-PA 
C-PA 

ct-Helix 

36% 
33% 

, 3 8 % 

li-Strand 

18% 
20% 
17% 

Turn 

19% 
19% 
19% 

Unordered 

28% 
27% 
28% 

Secondary s t ruc ture predict ion based on the CD spectra of PA and t he t w o PA domains 
using t he CDSSTR program a t DICHROWEB (h t tp : / /www.crys tbbk .ac .uk /cdweb/h tml / ) . 

domains unfolded in cooperative processes, evident from their 
sigmoidal thermal profiles (Fig. 4). The thermal profile of PA involved 
a broad transition, much like that for C-PA. In summary, N-PA was less 
thermally resistant than C-PA, but appeared to be stabilized by the rest 
of PA. 

Characterization of the interaction of PA and its two domains with PB1 

Although PA does not exhibit any well-characterized biochemical 
activities, it is indispensable for the transcription and replication 
activity of the influenza polymerase (Fodor and Smith, 2004; Honda et 
al., 2002; Nakagawa et al., 1996). PA has been shown to directly 
interact with PB1 but not PB2 in the assembly of the polymerase 
complex. Several mutagenesis studies have shown that extensive 
polypeptide regions of PA are required for PA-PB1 interaction, except 
the first 154 N-terminal residues of PA (Toyoda et al., 1996; Zurcher et 
al., 1996). To assess the role of these two PA domains in PA-PB1 
complex formation, we performed a pull-down assay by co-infecting 
insect cells with different combinations of PA, C-PA, N-PA, and PB1 
recombinant baculoviruses (Fig. 5A). All of our PA-related constructs 
contained a His-tag to facilitate complex detection. The soluble 
portion of the cell lysate of the different combinations was subjected 
to Ni-NTA affinity column. Anti-His antibody was used to assess the 
presence of PA, C-PA, and N-PA, whereas anti-PBl was used to detect 
recombinant PB1 in the eluted fractions. With a C-terminal His-tag, 
PA, C-PA, and N-PA bound to the Ni-NTA resins and were eluted with 
high concentrations of imidazole. Our anti-His Western blot con
firmed the presence of the PA, C-PA alone, N-PA alone, and C-PA and 
N-PA (Fig. 5B, top panel) in four separate experiments. PB1, however, 
co-eluted only with PA. Neither C-PA or N-PA alone, nor co-expression 
of the two domains, was found to form a stable complex with PB1 (Fig. 
5B, bottom panel). Pull-down assays were repeated four times with 
similar results. It is also important to note that the presence of the 6* 
His-tag at either terminus of PA did not interfere with the assembly of 
the PA-PB1 complex and that the concentration of imidazole had no 
effect on PA-PB1 complex formation (data not shown). Our findings 

n 1 1 1 1 1 r 
30 40 50 60 70 80 90 

Temperature (°C) 

Fig. 4. Thermal denaturation of PA and its two domains. PA, C-PA, and N-PA were 
subjected to slow heating. Relative change in CD signal at 220 nm was monitored as a 
function of temperature. The signals were normalized, with 1 being the native protein 
signal at 25 °C and 0 being the signal of the denatured protein at 95 °C All thermal 
experiments were performed in a buffer of 50 mM potassium phosphate and 200 mM 
sodium chloride, pH 7.5, and at a heating rate of 0.5 °C/min. The starting temperature 
was 25 "C CD data were collected every 0.5 °C until 95 °C 
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Fig. 5. Pull-down assay. (A) Different combinations of recombinant baculovirus co-
infection. Insect cells were infected by: (1) PA and PB1 baculovirus; (2) N-PA and PB1 
baculovirus; (3) C-PA and PB1 baculovirus; and (4) N-PA, C-PA, and PB1 baculovirus, at a 
multiplicity of infection (MOI) of 5. Infected cells were harvested 48 h post-infection. 
(B) Western blot of the eluted fraction. Infected insect cells were lysed and separated by 
centrifugation. Supernatant was incubated with Ni-NTA resins for 1 h at 4 °C. 
Flowthrough, wash, and eluted fractions from the Ni-NTA affinity column were 
collected. Anti-His antibody recognized the six His-tags located at the C-terminus of PA, 
C-PA, and N-PA (top panel). An anti-PBl polyserum was used to detect any co-eluted 
PB1. Positions of PA. C-PA. N-PA, and PB1 on the PVDF membrane are marked by arrows. 
The proteins, originally resolved on separate PVDF membranes, are aligned by size. 

thus suggested that the PA linker region (residues 257-276) was 
required for PA-PB1 interaction. 

Limited protease digestion of the PA-PBI complex 

To probe the domain structure of PA upon interaction with PB1, we 
treated purified PA-PB1 complex with trypsin and chymotrypsin as 
we had done with PA. As described in the Materials and methods 
section, PA-PB1 complex was obtained by co-expression using the 
baculovirus expression system. A 6* His-tag was added at the C-
terminus of PA to facilitate purification and identification of digested 
peptides. The PA-PB1 complex was purified using Ni-NTA affinity, 
heparin affinity, gel filtration, and cation exchange chromatography. 
PA-PB1 presumably formed a 1:1 complex as the two subunits had 
equal intensities on SDS-PAGE. Approximately 0.08 mg of PA-PB1 
complex can be isolated from one liter of insect cell culture. 

Surprisingly, we found that PA complexed with PB1 was highly 
resistant to protease digestion. In comparison, PB1 was quickly 
degraded even before the level of PA had undergone noticeable 
changes (Fig. 6). To facilitate PA peptide identification, digested 
proteins were subjected to Western blot analysis using an anti-His 
antibody. Since both the free PA and PA-PB1 complex contained a His-
tag at the C-terminus of PA, only C-terminal PA fragments were 
detected (Fig. 6). Our results showed that nearly 90% of the PA in the 
PA-PB1 complex remained intact after 1 h of chymotrypsin digestion 
(250:1 PA-to-chymotrypsin, 20 °C) (Fig. 6A, lane 12). Under the same 
conditions, only ~ 10% of free PA was left intact, with emergence of 
truncated C-PA (Fig. 6A, lane 5). As PB1 was digested by prolonged 
chymotrypsin digestion (2 h and beyond), increasing amounts of C-PA 
appeared as the result of protease digestion of PA (Fig. 6A, lane 13 and 
14). Similar results were also observed for trypsin digestion (750:1 PA-
to-trypsin, 20 °C) (Fig. 6B). Therefore, the PA flexible linker region, 
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Fig. 6. Protease digestion pattern of free PA versus PA-PB1 complex. (A) and (B) SDS-PAGE (top panel) and Western blot (bottom panel) of limited proteolysis of PA (left) and the PA-
PB1 complex (right) by chymotrypsin and trypsin. Purified PA (1.5 mg/ml, LI) and PB1 (1.5 mg/ml, L8) were digested by chymotrypsin (0.006 mg/ml) and trypsin (0.002 mg/ml) at 
20 °C for various lengths of time (10 min, 20 min, 40 min, 1 h, 2 h, and 4 h, corresponding to L2-L7 and L9-L14). Digested PA-PB1 samples were resolved by \0% SDS-PAGE and 
transferred to PVDF membrane. Anti-His antibody was used to recognize the six His-tags located at the C-terminus of PA. PB1, PA and truncated C-PA are labeled with arrows. 
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readily accessible for protease digestion in free PA, was likely buried at 
the interface with PB1. The distinct protease digestion patterns of the 
PA-PB1 complex and the free PA corroborated the findings of our pull
down assay - that the PA linker (residues 257-276) constituted part of 
the PA-PB1 interface. 

Discussion 

Although many genetic studies have investigated the role of PA in 
influenza virus transcription and replication (Fodor et al., 2002,2003; 
Huarte et al.. 2003; Naffakh et al., 2001; Perales et al., 2000), little is 
known about the biophysical and structural properties of PA. In the 
absence of a crystal structure, we have used a set of biochemical and 
biophysical techniques in combination with purified protein variants 
to analyze the domain structure of PA and the functional roles of 
different PA domains in mediating PA-PB1 interaction. Based on the 
digestion pattern of PA by chymotrypsin and trypsin, we conclude that 
PA consists of two major domains (residues 1-256 and 277-716), 
connected by a 20-residue linker. A similar model was proposed by 
Hara et al. based on trypsin digestion (2006). Their results suggested a 
domain spanning residues 1 to 212 and another from residues 212 to 
the C-terminus, albeit no further domain characterization was 
performed. Like Hara et al., we also observe 25 and 56 kD fragments 
(residues 1-212 and 213-716, respectively) during trypsin digestion. 
However, only the 30 and 51 kD bands are the common dominant 
fragments following prolonged trypsin and chymotrypsin digestions. 
Nearly all secondary structure prediction programs we have explored, 
SSPro 3/8 (Pollastri et al., 2002), PSIPRED (Jones, 1999), Porter 
(Pollastri and McLysaght, 2005), APSSP2 (Raghava, 2002) and Jufo 
(Meiler and Baker, 2003; Meiler et al., 2001), indicate that the residues 
257-277 have a high propensity for loop formation and are preceded 
and followed by helical structures. In addition, inter-domain linker 
prediction programs, such as DomCut (Suyama and Ohara, 2003) and 
DLP-SVM (Miyazaki et al.. 2002; Tanaka et al., 2006), agree that 
residues 250-280 likely comprise the linker region of PA. By 
considering together our protease digestion patterns, N-terminal 
sequencing results, and computational predictions, we have arrived at 
our designations of the domain/linker boundaries of PA. Nevertheless, 
we recognize that our domain/linker designations might be imprecise; 
indeed, they could vary by -5-10 residues depending on the 
availability of specific protease cleavage sites. 

Herein we confirm the presence of two PA domains by the 
expression, purification, and characterization of the domains indivi
dually. Far-UV CD spectra of C-PA and N-PA demonstrate that these 
two domains are properly folded independent of each other with 
secondary structural content matching that of PA. Agreement between 
the theoretical sum of the CD signals of the two domains and the 
experimental signal of PA suggests that little conformational change 
occurs in the two domains in the absence of the linker region. These 
results validate our two-domain hypothesis and our choice of domain/ 
linker boundaries. In addition, our binding experiments using gel 
filtration chromatography fail to detect any interaction between C-PA 
and N-PA It does, however, remain possible that the two domains 
could have some weak interactions in the full-length PA, as the flexible 
linker may function to bring the two domains together, thus 
facilitating their interactions in vivo. 

Previous studies have mapped the interaction sites of the three 
subunits of the influenza virus polymerase. The C-terminal region of 
PA binds to the N-terminal region of PB1 and the C-terminal region of 
PB1 binds to the N-terminal region of PB2 (Gonzalez et al., 1996; Ohtsu 
et al., 2002; Toyoda et al., 1996; Zurcher et al., 1996). For PA-PB1 
interaction, the PA binding site on PB1 was first identified to involve 
residues in the N-terminal region of PB1 (Gonzalez et al., 1996; Toyoda 
et al., 1996). The subsequent refined map narrowed the PA binding 
region from the first 140 amino acids to 48,25, and eventually the first 
12 residues constituting the core of the interaction interface (Ohtsu et 

al., 2002; Perez and Donis, 1995,2001; Toyoda et al., 1996). In contrast, 
the PB1-interacting interface of PA appears to be more extensive. 
Several studies have indicated that essential interface regions are 
widely spread along the PA sequence, although it has been determined 
that the first 154 residues are not needed for PB1 interaction (Toyoda 
et al., 1996; Zurcher et al., 1996). 

Our study therefore addresses PA-PB1 interaction in light of the 
two-domain structure of PA. Our pull-down assay indicates that 
neither domain alone nor a combination of the two domains, without 
the PA linker, is sufficient to bind PB1. Our limited proteolysis of the 
PA-PB1 complex shows that PA becomes highly resistant to both 
chymotrypsin and trypsin digestion, likely because the PA linker 
region is protected from protease digestion when complexed with 
PB1. By incorporating previously published data with our own 
findings, we have arrived at a model of PA-PB1 assembly (Fig. 7). 
This model favors an extensive interaction between C-PA and PB1 
(Gonzalez et al., 1996; Ohtsu et al., 2002; Toyoda et al., 1996; Zurcher 
et al., 1996) and limited contact between N-PA and PB1 (Toyoda et al., 
1996; Zurcher et al., 1996), with the linker buried at the PA-PB1 
interaction interface. The linker region may function in PA-PB1 
assembly via two possible scenarios. First, the linker may simply act as 
a passive inter-domain bridge, bringing together both PA domains to 
ensure PA-PB1 assembly. Second, the linker might be involved in a 
sequence specific interaction with PB1. Further experiments are 
required to determine the exact role of the linker in terms of PA-
PB1 interaction. Furthermore, although N-PA and C-PA, individually or 
collectively, possess similar secondary structure content as full-length 
PA, it remains possible that the tertiary structure of the two domains 
could be different when individually expressed. Such a difference may 
interfere with the complex formation with PB1. 

The role of PB2 in polymerase assembly is beyond the scope of this 
study and is therefore not described here. This is partly because 
purifying large amounts of the viral heterotrimeric polymerase is 
difficult, and also because of the insolubility of PB2 when separately 
expressed in insect cells. In any case, the impact of PB2 on the 
structure of PA is likely negligible because PB2 has not been shown to 
directly interact with PA (Digard et al., 1989; St Angeio et al., 1987; 
Toyoda et al., 1996). Moreover, we speculate that the observation of 
rapid PB1 degradation in the context of the PA-PB1 dimeric complex 
implies that PB1 may adopt an extended conformation in the absence 
of PB2 or the conserved 5' vRNA terminal motif. It has been reported 
that the binding of the 5' vRNA terminal motif to PB1 is required for 

Fig. 7. Model for PA-PB1 assembly. The diagram shows a proposed complex between PA 
and PB1, emphasizing the two-domain structure of PA and the key role of the linker 
region between the domains. 
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polymerase activation (Gonzalez and Ortin, 1999; Li et al., 1998) and 
thus may stabilize PB1. 

Our studies have provided a fresh glimpse into the molecular and 
structural anatomy of PA, its interaction with PB1, and the assembly of 
the influenza polymerase in general. These findings may offer new 
insights into previously conducted genetic studies. For example, the 
attenuation or loss of polymerase activities resulting from certain PA 
mutations may be attributed by the disruption of polymerase 
assembly. Information on the domain structure of the polymerase 
will facilitate future structural studies by identifying suitable targets 
for crystallization. In addition, delineation of the molecular interac
tions involved in polymerase assembly may have significant impact on 
the development of antiviral drugs, as inhibiting polymerase assembly 
can lead to disruption of the vital replication and transcription 
processes of the influenza virus. 

Materials and methods 

Cloning, expression, and purification 

PA. PA residues 1 -256 (N-PA), PA residues 277-716 (C-PA), and the 
PB1 coding regions from A/Puerto Rico/8/34 were cloned into 
pFastBacl (Invitrogen). A six-residue histidine tag was added to the 
C-terminus of PA, N-PA, and C-PA. The PB1 construct was non-tagged. 
Generation of recombinant baculoviruses was performed according to 
the protocol provided with the Bac-to-Bac® Baculovirus Expression 
System (Version D, Invitrogen). PA, N-PA, C-PA, and PB1 were 
expressed by infecting Sf21 insect cells with recombinant baculo
viruses at a multiplicity of infection (MOI) of 5. Infected insect cells 
were harvested 48 h post-infection. Cell pellets were sonicated in lysis 
buffer containing 50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 5 mM 
imidazole, 10% glycerol, 17 ug/ml PMSF, 1 ug/ml leupeptin, 1 ug/ml 
pepstatin, and 5 mM p-mercaptoethanol. The lysate was separated by 
centrifugation at 25,000 *g for 30 min. Recombinant PA, N-PA, and C-
PA were purified by Ni-NTA affinity (Qiagen), heparin affinity, 
Superdex-200 gel filtration, and Hi-Trap Q anion exchange columns 
(GE). Similar protocols were followed for the expression and 
purification of the PA-PB1 complex, except a Hi-Trap SP cation 
exchange rather than a Hi-Trap Q column was employed. Purified 
recombinant proteins were at least 95% pure according to Coomassie 
SDS-PAGE. 

Limited proteolysis and N-terminal sequencing 

Our preliminary studies showed that 750:1 PA-to-trypsin and 
250:1 PA-to-chymotrypsin mass ratios were appropriate for protease 
digestion studies. 1.5 mg C-His tagged PA was incubated with 
0.002 mg trypsin or 0.006 mg chymotrypsin, respectively, at 20 °C 
for 3, 7,15, and 25 min. Digestion was terminated by boiling at 95 °C 
for 5 min in an equal volume of SDS sample buffer (100 mM Tris-HCl, 
pH 6.8, 20% glycerol, 0.4% SDS, 0.001% bromophenol blue). Digested 
samples were resolved by 9% SDS-PAGE. Similar procedures were 
followed for chymotrypsin and trypsin digestion of PA-PB1. For 
Western blot analysis, digested samples were resolved by 10% SDS/ 
PAGE and transferred to PVDF membrane (Pall). Anti-tetra His 
(Qiagen) was used as primary antibody to detect the six-histidine 
tag at the C-terminus of PA. Secondary antibodies included goat anti-
chicken (Kirkegaard 8i Perry Lab), anti-Rabbit (Pierce), and anti-mouse 
(Calbiochem). Results were visualized by Fast BCIP/NBT stain (Sigma). 
To identify the PA fragments produced from protease digestion, two 
major truncated fragments were analyzed by Edman degradation at 
the Tufts Core Facility. Following the 40 min trypsin digestion, the 
56 kD band was nearly digested, leaving the 51 kD band as the 
predominant band (Fig. 1B, left panel). The digested sample from 1 h of 
chymotrypsin digestion (Fig. 1B, right panel) was heavily loaded to 
produce the 45 kD fragment for N-terminal sequencing. 

Far-UV circular dichroism (CD) spectroscopy 

Far-UV CD spectra of purified PA, N-PA, and C-PA (2.6, 5.65, and 
1.48 uM, respectively, in 10 mM phosphate, 10 mM NaCl, pH 7.5) were 
measured using a Jasco J-810 spectropolarimeter (1 mm path length, 
20 °C). Wavelength scans were recorded from 195 to 250 nm and were 
averaged over eight consecutive scans (0.5 nm increment, 1 s response 
time, 2 nm bandwidth, 100 nm/min scanning speed). The concentra
tions of PA, N-PA, and C-PA were normalized to 1 uM for comparison 
(Fig. 3). For secondary structure prediction, algorithms available on 
the DICHROWEB website (Lobley et al., 2002; Whitmore and Wallace, 
2004) were used to analyze CD spectra of PA, N-PA, and C-PA. 
Goodness of the fit was based on the parameter NRMSD (Mao et al., 
1982) and best score was provided by the algorithm CDSSTR 
(Manavalan and Johnson, 1987). 

Thermal denaturation 

PA, N-PA, or C-PA (1.78, 8.2, and 8.5 uM, respectively in 25 mM 
phosphate, 200 mM NaCl, pH 7.5) was placed in a 1 mm path length 
cell and gradually heated from 25 to 95 °C at a rate of 0.5 °C per minute 
in the Jasco J-810, which was regulated by a Peltier temperature 
control system (Jasco PTC-423S). Structural changes as a function of 
temperature were monitored at 220 nm. The CD signal was measured 
every 0.5 °C (60 s delay time, 16 s response time, 3 nm bandwidth). 
During the course of thermal denaturation, the full spectra of protein 
samples were recorded from 195 to 280 nm of every 5 °C increment 
(1 s response time, 2 nm bandwidth, 100 nm/min scanning speed, 10 s 
delay time, 0.5 nm data pitch, averaged over two consecutive scans). 
Thermal denaturation of all protein samples is irreversible; therefore, 
all experiments were performed under the exact same conditions and 
parameters, allowing reliable comparison among the different 
samples on a relative scale. 

Pull-down assay 

Co-expression of PA, N-PA, C-PA, and PB1 was performed by co-
infecting 250 ml or 1 L of Sf21 insect cells with different combinations 
of recombinant baculovirus at an MOI of 5 (Fig. 5A). Infected insect 
cells were harvested 48 h post-infection. Cell pellets were lysed and 
separated by centrifugation at 25,000 xg for 30 min. The supernatant 
portion of the lysate was incubated with Ni-NTA resin (Qiagen) for 1 h 
at 4 °C. Subsequently, flowthrough (with 5 mM imidazole), wash (with 
20 mM imidazole), and eluted (with 250 mM imidazole) fractions of 
the Ni-NTA affinity column were collected. 10 ul aliquots of each 
fraction were resolved by 10% SDS-PAGE and transferred to PVDF 
membrane for Western blot analysis. Both anti-tetra His antibody 
(Qiagen) and anti-PBl antibody were used as primary antibodies to 
detect the presence of PA and PB1 in these fractions. Secondary 
antibodies included goat anti-chicken (Kirkegaard & Perry Lab), anti-
Rabbit (Pierce), and anti-mouse (Calbiochem). Results were visualized 
by Fast BCIP/NBT stain (Sigma). 
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My first project in Dr. Tao's lab was to study the structure and function of the 

influenza A virus polymerase subunit A, the protein PA. We first observed the prospect 

of the two-domain structure of PA around the same time Hara et al. published their 

findings (2006). We then went a step further to express and characterize each individual 

domain: one-third N-terminal domain and two-third C-terminal domain, and to map the 

interaction interface between PA and PB1 (See Appendix I). Recently, the crystal 

structures of both N-PA and C-PA domains were solved by four different labs, two pairs 

of simultaneous discoveries. Here, I would like to briefly describe the structure of both 

PA domains that have captivated my imagination throughout much of my graduate 

career. I will also describe some of the ongoing investigations aiming to polish the 

revised model of PA-PB1 interaction that we arrived at in our previous studies. 

A 2.1 Structure of the N-terminal domain of PA (residues 1-197) 

The crystal structure of N-PA (aa 1-197) was solved by Yuan et al. (2009) and 

Dias et al. (2009) to 2.9 A and 2.0 A, respectively. The single domain consists of five |3-

strands forming a twisted plane surrounded by seven a-helices (Figure A2.1 a). At the 

center, there is a highly conserved and negatively charged cavity, where either one 

magnesium ion (Yuan et al., 2009) or two manganese ions (Dias et al., 2009) reside(s). 

The metal ions are coordinated by the same residues, including H41, E80, D108, El 19, 

and K134 (Figure A2.1 b and c). A Dali search of structural homologs reveal that N-PA 

has a similar fold as compared to the restriction endonuclease Sdal (Z score = 3.9) and 

7>1808 hypothetical protein from Thermus thermophilus HB8 (Z score = 4.8). Both 
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proteins possess a conserved (P)D-(D/E)-K active site motif, typical for the type II 

endonucleases. To probe the endonuclease activities of N-PA, Dias et al. incubate N-PA 

with RNA (partially structured or unstructured ssRNA), and the results show that various 

RNA species were degraded by N-PA at different rates in the presence of Mn2+ at pH 7 or 

8. The addition of 2,4-dioxo-4-phenylbutanoic acid (DPBA), an inhibitor of the influenza 

endonuclease, abolishes such degradation (Dias et al., 2009). Likewise, in light of their 

discovery, Yuan et al. mutate the residues that coordinate Mg2+ in the active site to 

alanine, including H41, E80, L106, P107, D108, El 19 and K134, and observe the effects 

of mutations on the RNA synthesis and endonuclease activities of the polymerase 

complex in vivo. During replication, a negative-sense vRNA acts as a template for the 

synthesis of a positive-sense cNRA, which is subsequently used to generate negative-

sense vRNA progeny. Transcription, on the other hand, uses a short cap primer derived 

from the host's cellular mRNA, in a process called "cap-snatching", to initiate production 

of viral mRNA. In vivo assays show that ribonucleoprotein (RNP) complexes carrying 

PA mutants E41A, E80A, D108A, E119A, and K134A exhibit no sign of mRNA 

synthesis, while retaining cRNA and vRNA synthesis activities comparable to the wild 

type (Yuan et al., 2009). Similarly, the same mutants displayed no endonuclease activity 

(Yuan et al, 2009). These results indicate that mutations at the active site effectively 

abrogate the endonuclease capability of PA, thus, terminating the transcription process. 

Taken the results from in vitro and in vivo assays together, the putative endonuclease 

active site of PA, P107D108-E119-K134 is confirmed. 
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Figure A2.1 The structure of N-PA(aa 1-197) and its endonuclease active site, (a) 
secondary structure of N-PA is shown with magenta a-helices, purple P-strands, and green 
loops. The disordered loops is marked with dotted lines. The silver sphere and three black 
dots represent Mg2+ and water molecules. (Yuan et al, 2009) (b) Close-up view of the 
endonuclease active site with 2 F0-Fc density map overlay. Likewise, the silver sphere and 
three black dots represent Mg2+ and water molecules. The residues that are involved in 
coordinating the ion are shown in sticks. (Yuan et al, 2009) (c) Similar close-up view of 
the endonuclease active site, except with two Mn2+ ions and two water molecules (Dias et 
al, 2009). 

A 2.2 Structure of the C-terminal domain of PA (residues 257-716) 

The crystal structure of the C-PA domain (aa 257-716) was solved in complex 

with a small N-terminal PB1 peptide (aa 2-25 or 1-81) to 2.9 A and 3.2 A by He et al. 

(2008b) and Obayashi et al. (2008), respectively. The C-PA domain contains 13 a-helices 

and nine P-strands, and the small PB1 peptide forms a small a helix. As He et al. put it, 

the overall structure of the C-PA resembles the head of a dragon, consisting of a "brain" 

(seven P-strands forming a twisted plane surrounded by five a-helices) and a "mouth" 

(two P-strands and eight a-helices) (Figure A2.2 a). When looking from the top of the 
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(a) ^ -mouth' (b) 

Figure A2.2 The structure of C-PA (aa 257-716) in complex with a short PB1 peptide (aa 
2-25) and the surface representation of the groove and channel regions, (a) The overall 
structure of C-PA resembles the head of a dragon, a-helices in the "brain" are shown in 
red cylinders, and in the "mouth" are shown in blue cylinder. The small PB1 helix is 
shown in magenta cylinder. (He et ah, 2008)(b) Top-to-down view of the groove and 
channel region. Surface is colored according to electrostatic charge from red (-10 kbT/ec) 
to blue (+10 kbT/ec), where kbis Boltzmann constant, Tis temperature, and ec is the 
electron charge (He et ah, 2008). 
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Figure A2.3 Hydrogen bonds and hydrophobic contacts between C-PA and a short 
PB1 peptide (aa 1-15). (a) Schematic diagram of hydrogen bonds, represented in 
black dashed lines, between PA residues (blue) and PB1 residues (orange). 
(Obayashi et ah, 2008) (b) space-filling representation of the hydrophobic contacts 
between PA residues (green) and PB1 residues (orange) (Obayashi et ah, 2008). 



"brain," there appears to be a groove/channel, outlined by conserved and highly, 

positively charged residues on the surface, K328, K539, R566 and K574 (Figure A2.2 b). 

The nature of this groove/channel is not known, but it is suspected to be involved in RNA 

binding due to its basic environment (He et al, 2008b), as mutation K539A reduced the 

production of cRNA and vRNA synthesis (Fodor et al., 2002). At the "mouth" region, the 

small PB1 peptide is held tightly between the "jaws" of the dragon (Figure A2.2 a), 

mainly through four a-helices (a8, alO, a l l and al3). The interaction between the PB1 

peptide and C-PA is quite extensive, involving hydrophobic interactions, hydrogen 

bonds, and van der Waals force. Obayashi et al. summarized the complex network of 

hydrophobic interactions and hydrogen bonds between the PA binding pocket and the 

PB1 peptide neatly in figure A2.3 (2008). Consistent with the structural interpretation, 

previous mutagenesis studies of PB1 aa 2-12 showed remarkable a reduction in PA 

binding (total lost of interaction for mutation at P5, L7, L8, L9 and L10) and polymerase 

activity (~60-100% of reduction) (Perez and Donis, 2001). Searches for a structural 

homolog using Dali, however, indicated that C-PA is a new fold (He et al, 2008b); thus, 

its precise role in the influenza replication and transcription remains to be elucidated. 

A 2.3 Characterization of the PA-PB1 interaction interface 

One of the major findings in our previous studies is that the flexible linker 

bridging N-PA and C-PA is buried at the PA-PB1 interaction interface, since PA in 

complex with PB1 confers a much greater resistance (nearly 20-fold) against trypsin and 

chymotrypsin digestion as compared to the free-PA (Figure A2.4). In addition, in the 
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Figure A2.4 SDS-PAGE of the limited proteolysis of the PA-PB1 complex versus 
the free PA. Purified PA (1.5 mg/ml) and PA-PB1 complex (1.5 mg/ml) were 
digested by (a) trypsin (0.002 mg/ml) and (b) chymotrypsin (0.006 mg/ml) at 20°C 
for various lengths of time (7 min, 15 min, 1 hr, 1.5 hr, 2 hr, 8.5 hr corresponding to 
L1-L6 and L7-L12 for trypsin digestion; 7 min, 15 min, 1 hr, 1.5 hr, 2 hr, 5 hr 
corresponding to L1-L6 and L7-L12 for chymotrypsin digestion). Digested protein 
samples were resolved by 10% SDS-PAGE. M and PL are protein marker and pre-
stained ladder. U is the uncut PA-PB1 complex. 



absence of the PA linker, neither N-PA/C-PA nor a combination of the two can assure a 

stable PA-PB1 complex. Indeed, our revised model for PA-PB1 interaction was also 

confirmed by He et al. in their independent studies (2008b). However, our original 

definition of the PA linker region (aa 257-276) was too short, the estimated length based 

on the crystal structure of the two domains should be 94-residue long (aa 196-290). We 

believe that the interface between PA and PB1 covers far more than the first 25 residues 

at the N-terminus of PB1. Thus far, we have some preliminary data to support this 

speculation. 

Based on the time course study (Figure A2.4), we subjected the PA-PB1 complex 

(with a 6x-His fusion tag at the C-terminus of PB1) to trypsin digestion for 1 hour at 

room temperature. Several FPLC columns were employed in an attempt to separate and 

recover a single dominant species of the digested PA-PB1 complex. In addition, the 

purification scheme may also provide us with some understandings into the physical 

properties of the digested complex. First, the digested sample was applied to a HisTrap 

column; the sample was eluted in the void volume, suggesting that typsin cleavage 

removed parts of the C-terminal PB1. The digested PA-PB1 sample was able to bind to a 

Heparin column similar to its full-length counterpart, implying that the digested sample 

retained its RNA binding ability. Then, the digested sample was purified using an S-200 

gel filtration column. The chromatogram indicated that the digested complex eluted at 

68.5 ml, just a bit smaller than the full-length complex (67 ml) (Figure A2.5 a). Lastly, 

the digested complex was injected into a HiTrap SP column (a cation exchange column). 

Unlike the full-length complex, the majority of the digested complex was eluted in the 
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Figure A2.5 Characterization of the trypsin digested PA-PB1 complex, (a) The 
elution profile of the digested PA-PB1 sample from a S-200 gel filtration column 
compared to that of a free PA and a native PA-PB1 complex, (b) The concentrated 
digested PA-PB1 complex (L2, 1.5 mg/ml) contained six major fragments at the end 
of the FPLC purification. LI showed the native PA-PB1 complex (in 1:1 molar 
ratio), (c) Probing the identity of these fragments using anti-PA and anti-PBl 
antibodies. The proteins, originally resolved on separate SDS-PAGE gel and PVDF 
membranes, are aligned by size. 
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void volume, indicating a change in the overall pi value. The purified PA-PB1 complex 

appeared to contain six major fragments: -90 kD, ~80 kD, -51 kD, -50 kD, -40 kD and 

-30 kD (Figure A2.5 b). 

We subsequently performed a western blot analysis using anti-PA and anit-PBl to 

determine the identity of these fragments. The anti-PA antibody showed that both the -90 

kD and -80 kD fragments were of PA. However, the anti-PBl antibody seemed to cross-

react with both PA and PB1 (lane 1, Figure A2.5 c, right panel). Therefore, we cannot 

rule out the possibility that the -90 kD fragment consisted of both PA and PB1 of the 

same molecular weight. However, we were confident that the -30 kD fragment was the 

digested product of PB1 due to its strong signal on the membrane (lane 2, Figure A2.5 c, 

right panel). Interestingly, the three fragments, -51 kD, -50 kD, and -40 kD, were not 

recognized by either antibody. Our previous studies showed that anti-PA can detect both 

N-PA and C-PA (data not shown). Hence, if any of these three fragments originated from 

PA, it should be recognized by anti-PA. Because the epitope for anti-PBl may exist only 

on the -30 kD fragment (the precise location of the epitope was not known), it was likely 

that all of these three fragments are different truncated portions of PB1. From these 

preliminary data, we speculated that PA and PB1 may have very extensive interaction 

areas; different portions (structural domains) of PB1 can bind tightly to PA. At least one 

such PB1 component protected the PA linker, which was readily accessible for protease 

digestion in free PA, and rendered PA its intact structure despite prolonged proteolysis. 

The long and flexible PA linker may bring N-PA and C-PA closer for a specific task or 

may bring either domain to the vicinity of PB1. The core of the influenza heterotrimeric 
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polymerase complex is PB1, where the catalytic site for RNA synthesis (Argos, 1988; 

Biswas and Nayak, 1994; Braam et al, 1983) and the binding sites for 5'- and 3'-vRNA 

and cRNA (Fodor et al, 1993; Gonzalez and Ortin, 1999; Li et al, 1998) are located. The 

only available atomic structures of PB1, to date, are the first 25 residues (in complex with 

C-PA) and aa 678-757 (in complex with the first 37 residues of PB2) (Sugiyama et al, 

2009). Future identification of these PA bound PB1 domains may provide valuable 

information about new crystallization targets, which may elucidate the mechanisms of 

transcription and replication of this important virus. 
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Hepatitis E 0RF2 Encoding Capsid Protein 112-608 (China Tl isolate, genotype 4) 

ATGGCTGTAGCCCCAGCTCCCGACACTGCCCCGGTTCCTGACGTGGACTCTCGTGGTGCTATATTGCGCC 
GCCAGTATAACTTGTCCACGTCACCGCTTACGTCCACTATCGCTACTGGCACTAATCTTGTACTATATGC 
TGCCCCACTGAGCTCTCTGCTCCCTCTCCAGGATGGGACTAATACTCATATCATGGCCACTGAGGCCTCT 
AACTATGCTCAGTATCGTGTTGTCCGTGCCACTATTCGGTACCGGCCTCTGGTGCCGAGTGCGGTTGGCG 
GGTACGCCATATCCATCTCCTTTTGGCCTCAGACAACAACCACCCCGACCTCCGTCGACATGAATTCCAT 
CACCTCTACCGATGTCCGTATCCTCGTTCAGCCTGGTATAGCCTCTGAGCTTGTGATCCCTAGTGAGCGC 
CTGCATTATCGCAATCAGGGTTGGCGCTCGGTTGAGACTTCTGGTGTTGCGGAGGAGGAGGCTACCTCTG 
GCCTTGTTATGCTCTGTATTCATGGATCTCCTGTAAATTCCTATACTAATACACCCTACACTGGTGCTCT 
CGGCTTGCTGGATTTTGCGCTTGAGCTTGAATTTCGTAATTTGACACCTGGCAATACGAATACGCGCGTC 
TCTCGTTATTCCAGTAGTGCGCGCCACAAGTTACGCCGAGGGCCTGATGGCACTGCCGAGTTGACCACGA 
CTGCTGCTACACGCTTCATGAAAGATCTTCATTTCACCGGGACTAATGATGTTGGTGAGGTTGGCCGTGG 
TATTGCGCTAACTCTGTTTAATCTTGCTGATACGCTTCTCGGCGGGCTCCCGACAGAATTGATTTCGTCG 
GCCGGAGGCCAGTTGTTTTACTCACGCCCCGTCGTCTCAGCCAATGGCGAGCCGACAGTGAAACTCTACA 
CCTCAGTTGAGAATGCCCAGCAGGACAAGGGTATAGCCATTCCACATGATATTGACCTTGGTGAGTCCCG 
AGTTGTGATTCAGGATTATGATAATCAACACGAGCAAGATCGTCCCACCCCTTCCCCTGCTCCCTCACGT 
CCTTTCTCAGTTCTTCGTGCTAATGATGTGCTTTGGCTTTCATTGACGGCTGCTGAATACGATCAAACTA 
CTTATGGTTCTTCCACTAATCCTATGTATGTTTCTGACACTGTGACATTTGTTAATGTAGCGACCGGTGC 
CCAGGGGGTTTCCCGTTCCCTGGACTGGTCCAAAGTCACCCTCGATGGTCGGCCGCTTACGACAATTCAG 
CAGTATTCTAAGACCTTCTTTGTTCTACCTCTTCGTGGTAAGCTCTCTTTCTGGGAGGCTGGCACTACTA 
AAGCTGGCTACCCTTATAATTATAACACTACTGCCAGTGATCAGATTTTAATTGAAAATGCACCTGGTCA 
CCGTGTCTGTATTTCTACCTATACTACTAATCTTGGTTCCGGCCCTGTCTCTATTTCTGCCGTTGGTGTC 
CTCGCACCTCACTCTGCGCTGGCCTAG 

ATG (red, bold): start codon 
TAG (purple, bold): stop codon 
F. P.: forward primer 
R. P.: reverse primer 

pET28a N-His tagged HEV-CP (aa 112-608) 

F. P.: 5' AATGGATCCATGCATCATCATCATCATCACGCTGTAGCCCCAGCTCCCGA 3' 
BarriHl 6xHistag 

R. P.: 5' ATACTCGAGGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 

pET28a C-His tagged HEV-CP (aa 112-608) 

F. P.: 5' ATACCATGGCTGTAGCCCCAGCTCCCGACA 3' 
Ncol 

R. P.: 5' AATCTCGAGCTAGTGATGATGATGATGATGGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 6xHis tag 

pET28a non-tagged HEV-CP (aa 112-608) 

F. P.: 5' ATACCATGGCTGTAGCCCCAGCTCCCGACA 3' 
Ncol 

R. P.: 5' ATACTCGAGGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 
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pFastBac 1 N-His tagged HEV-CP (aa 112-608) 

F.P.: 5' AATGGATCCATGCATCATCATCATCATCACGCTGTAGCCCCAGCTCCCGA 3' 
BamHl 6xHistag 

R. P.: 5' AATCTCGAGCTAGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 

pFastBacl C-His tagged HEV-CP (aa 112-608) 

F.P.: 5' AATGGATCCATGGCTGTAGCCCCAGCTCCCGA 3' 
BamHI 

R.P.: 5' AATCTCGAGCTAGTGATGATGATGATGATGGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 6xHis tag 

pFastBacl non-tagged HEV-CP (aa 112-608) 

F.P.: 5' AATGGATCCATGGCTGTAGCCCCAGCTCCCGA 3' 
BamHI 

R.P.: 5' AATCTCGAGCTAGGCCAGCGCAGAGTGAGGTG 3' 
Xhol 



PAUdon Sequence (A/swine/Udon Thani/NIAH464/2004, H3N2) 

AGCAAAAGCAGGTACTGATTCGAGATGGAAGATTTTGTGCGACAATGCTTCAATTCGATGATTGTCGAGCT 
TGCAGAAAAGGCAATGAAAGAGTATGGAGAGGATCTGAAAATCGAAACAAACAAATTTGCAGCAATATGCA 
CTCACTTGGAGATATGTTTCATGTATTCAGATTTTCATTTCATCAATGAACAAGGCGAGTCAATAGTGGTA 
GAGCTTGATGATCCAAATGCACTGTTAAAGCACAGATTTGAAATAATAGAGGGAAGAGACCGCACAATGGC 
CTGGACAGTAGTAAACAGTATTTGCAACACTACTGGAGCTGAGAAACCGAAGTTTCTGCCAGATTTGTATG 
ATTACAAGGAGAATAGATTCATCGAGATTGGAGTGACAAGGAGAGAAGTCCACATATACTACCTTGAAAAG 
GCCAATAAAATTAAATCTGAGAATACACACATCCACATTTTCTCATTCACTGGGGAGGAAATGGCCACAAA 
GGCCGACTACACTCTTGATGATGAAAGCAGGGCTAGGATCAAAACCAGGCTATTTACCATAAGACAAGAAA 
TGGCCAACAGAGGCCTCTGGGATTCCTTTCGTCAGTCCGAAAGAGGCGAAGAAACAATTGAAGAAAGATTT 
GAAATCACAGGAACTATGCGCAGGCTTGCCGACCAAAGTCTCCCGCCGAACTTCTCCTGCCTTGAGAATTT 
TAGAGCCTATGTGGATGGATTCGAACCGAACGGCTGCATTGAGGGCAAGCTTTCTCAAATGTCCAAAGAAG 
TGAATGCAAGAATTGAACCTTTTCTGAAGACAACACCAAGACCAATCAAACTTCCGGATGGGCCTCCTTGT 
TTTCAGCGGTCCAAATTCCTTCTGATGGATGCTTTAAAATTAAGCATTGAAGACCCAAGTCACGAAGGAGA 
GGGAATACCACTATATGATGCGATCAAGTGCATGAGAACATTCTTTGGATGGAAAGAACCCTATATCGTCA 
AACCACACGAAAAGGGAATAAATCCAAATTATCTGCTGTCATGGAAGCAAGTACTGGCAGAACTACAGGAC 
ATTGAAAATGAGGAGAAGATTCCAAGAACTAAAAACATGAAGAAAACGAGTCAGCTAAAGTGGGCACTTGG 
TGAGAACATGGCACCAGAGAAAGTAGACTTTGACAACTGTAGAGACATAAGCGATTTGAAGCAATATGATA 
GTGACGAACCTGAATTAAGGTCACTTTCAAGCTGGATCCAGAATGAGTTCAACAAGGCATGCGAGCTGACC 
GATTCAATCTGGATAGAGCTCGATGAGATTGGAGAAGACGTGGCTCCAATTGAATACATTGCAAGCATGAG 
GAGGAATTACTTCACAGCAGAGGTGTCCCATTGCAGAGCCACAGAATACATAATGAAGGGGGTATACATTA 
ATACTGCCTTGCTTAATGCATCCTGTGCAGCAATGGACGATTTCCAACTAATTCCCATGATAAGCAAGTGC 
AGAACTAAAGAGGGAAGGCGAAAAACCAATTTATATGGATTCATCATAAAAGGAAGATCTCACTTAAGGAA 
TGACACCGACGTGGTAAACTTTGTGAGCATGGAGTTTTCTCTCACTGACCCGAGACTTGAGCCACATAAAT 
GGGAGAAATACTGTGTCCTTGAGATAGGAGATATGCTACTAAGAAGTGCCATAGGCCAGATGTCAAGGCCT 
ATGTTCTTGTATGTGAGGACAAATGGAACATCAAAGATTAAAATGAAATGGGGAATGGAGATGAGACGTTG 
CCTCCTTCAGTCACTCCAACAAATCGAGAGCATGATTGAAGCCGAGTCTTCTGTCAAAGAGAAAGACATGA 
CCAAAGAGTTTTTTGAGAATAAATCAGAAACATGGCCCATTGGGGAGTCCCCCAAGGGAGTGGAAGAAGGT 
TCCATTGGAAAGGTCTGTAGGACTTTATTGGCCAAGTCGGTATTCAATAGCCTGTATGCATCCCCACAATT 
GGAAGGATTTTCAGCGGAGTCAAGAAAACTGCTTCTTGTCGTTCAGGCTCTTAGGGACAACCTTGAACCTG 
GAACCTTTGATCTTGGGGGGCTATATGAAGCAATTGAGGAGTGCCTGATTAATGATCCCTGGGTTTTGCTT 
AATGCGTCTTGGTTCAACTCCTTCCTAACACATGCATTAAGATAGTTGTGGCAATGCTACTATTTGCTATC 
CATACTGTCCAAAAAAGTACCTTGTTTCTACT 

ATG (red, bold): start codon 
TAG (purple, bold): stop codon 
F. P.: forward primer 
R. P.: reverse primer 

pFastBac 1 Udon C-His tagged PA (aa 1-716) 

F. P.: 5' GCGGAATTCATGGAAGATTTTGTGCGACA 3' 
EcoRI 

R. P.: 5' TATCTCGAGCTAGTGATGGTGATGGTGATGCGAGCCTCTTAATGCATGTGTTAGG 3' 
Xhol 6X His Tag Ser Gly 
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PA Puerto Rico Sequence (A/Puerto Rico/8/1934, H1N1) 

AGCGAAAGCAGGTACTGATCCAAASSGGAAGATTTTGTGCGACAATGCTTCAATCCGATGATTGTCGAGCT 
TGCGGAAAAAACAATGAAAGAGTATGGGGAGGACCTGAAAATCGAAACAAACAAATTTGCAGCAATATGCA 
CTCACTTGGAAGTATGCTTCATGTATTCAGATTTCCACTTCATCAATGAGCAAGGCGAGTCAATAATCGTA 
GAACTTGGTGATCCTAATGCACTTTTGAAGCACAGATTTGAAATAATCGAGGGAAGAGATCGCACAATGGC 
CTGGACAGTAGTAAACAGTATTTGCAACACTACAGGGGCTGAGAAACCAAAGTTTCTACCAGATTTGTATG 
ATTACAAGGAAAATAGATTCATCGAAATTGGAGTAACAAGGAGAGAAGTTCACATATACTATCTGGAAAAG 
GCCAATAAAATTAAATCTGAGAAAACACACATCCACATTTTCTCGTTCACTGGGGAAGAAATGGCCACAAA 
GGCCGACTACACTCTCGATGAAGAAAGCAGGGCTAGGATCAAAACCAGGCTATTCACCATAAGACAAGAAA 
TGGCCAGCAGAGGCCTCTGGGATTCCTTTCGTCAGTCCGAGAGAGGAGAAGAGACAATTGAAGAAAGGTTT 
GAAATCACAGGAACAATGCGCAAGCTTGCCGACCAAAGTCTCCCGCCGAACTTCTCCAGCCTTGAAAATTT 
TAGAGCCTATGTGGATGGATTCGAACCGAACGGCTACATTGAGGGCAAGCTGTCTCAAATGTCCAAAGAAG 
TAAATGCTJjlJATTGAACCTTTTTTGAAAACAACACCACGACCACTTAGACTTCCGAATGGGCCTCCCTGT 
frC^CAGCGGTCCAAATTCCTGCTGATGGATGCCTTAAAATTAAGCATTGAGGACCCAAGTCATGAAGGAGA 
GGGAATACCGCTATATGATGCAATCAAATGCATGAGAACATTCTTTGGATGGAAGGAACCCAATGTTGTTA 
AACCACACGAAAAGGGAATAAATCCAAATTATCTTCTGTCATGGAAGCAAGTACTGGCAGAACTGCAGGAC 
ATTGAGAATGAGGAGAAAATTCCAAAGACTAAAAATATGAAAAAAACAAGTCAGCTAAAGTGGGCACTTGG 
TGAGAACATGGCACCAGAAAAGGTAGACTTTGACGACTGTAAAGATGTAGGTGATTTGAAGCAATATGATA 
GTGATGAACCAGAATTGAGGTCGCTTGCAAGTTGGATTCAGAATGAGTTCAACAAGGCATGCGAACTGACA 
GATTCAAGCTGGATAGAGCTTGATGAGATTGGAGAAGATGTGGCTCCAATTGAACACATTGCAAGCATGAG 
AAGGAATTATTTCACATCAGAGGTGTCTCACTGCAGAGCCACAGAATACATAATGAAGGGGGTGTACATCA 
ATACTGCCTTACTTAATGCATCTTGTGCAGCAATGGATGATTTCCAATTAATTCCAATGATAAGCAAGTGT 
AGAACTAAGGAGGGAAGGCGAAAGACCAACTTGTATGGTTTCATCATAAAAGGAAGATCCCACTTAAGGAA 
TGACACCGACGTGGTAAACTTTGTGAGCATGGAGTTTTCTCTCACTGACCCAAGACTTGAACCACACAAAT 
GGGAGAAGTACTGTGTTCTTGAGATAGGAGATATGCTTCTAAGAAGTGCCATAGGCCAGGTTTCAAGGCCC 
ATGTTCTTGTATGTGAGGACAAATGGAACCTCAAAAATTAAAATGAAATGGGGAATGGAGATGAGGCGTTG 
TCTCCTCCAGTCACTTCAACAAATTGAGAGTATGATTGAAGCTGAGTCCTCTGTCAAAGAGAAAGACATGA 
CCAAAGAGTTCTTTGAGAACAAATCAGAAACATGGCCCATTGGAGAGTCTCCCAAAGGAGTGGAGGAAAGT 
TCCATTGGGAAGGTCTGCAGGACTTTATTAGCAAAGTCGGTATTTAACAGCTTGTATGCATCTCCACAACT 
AGAAGGATTTTCAGCTGAATCAAGAAAACTGCTTCTTATCGTTCAGGCTCTTAGGGACAATCTGGAACCTG 
GGACCTTTGATCTTGGGGGGCTATATGAAGCAATTGAGGAGTGCCTAATTAATGATCCCTGGGTTTTGCTT 
AATGCTTCTTGGTTCAACTCCTTCCTTACACATGCATTGAGTTAGTTGTGGCAGTGCTACTATTTGCTATC 
CATACTGTCCAAAAAAGTACCTTGTTTCTACT 

ATG (red, bold): start codon 
TAG (purple, bold): stop codon 
AGA (cyan highlight, underline): PA aa 256 
TCT (magenta highlight, underline): PA aa 277 

F. P.: forward primer 
R. P.: reverse primer 

pFastBac 1 Puerto Rico C-His tagged PA (aa 1-716) 

F. P.: 5' GCGGAATTCATGGAAGATTTTGTGCGACA 3' 
EcoRI 

R. P.: 5' TATCTCGAGCTAGTGATGGTGATGGTGATGCGAGCCACTCAATGCATGTGTAAGG 3' 
Xhol 6X His Tag Ser Gly 
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pFastBac 1 Puerto Rico C-His tagged N-PA (aa 1-256) 

F. P.: 5' TAGAATTCATGGAAGATTTTGTGCGACA 3' 
EcoRI 

R. P.: 5' TATCTCGAGCTAGTGATGGTGATGGTGATGTCTAGCATTTACTTCTTT 3' 
Xho I 6X His Tag 

pFastBac 1 Puerto Rico C-His tagged N-PA (aa 277-716) 

F. P.: 5' TAGAATTCATGTCTCAGCGGTCCAAATTC 3' 
EcoRI 

R. P.: 5' TATCTCGAGCTAGTGATGGTGATGGTGATGCGAGCCACTCAATGCATGTGTAAGG 3' 
Xho I 6X His Tag Ser Gly 

pET 28a Puerto Rico N-His tagged PA (aa 1-716) 

F. P.: 5' TAGGATCCGAAGATTTTGTGCGACAATG 3' 
BamHI 

R. P.: 5' TACTCGAGCTAACTCAATGCATGTGT 3' 
Xho I 

pET 28a Puerto Rico C-His tagged PA (aa 1-716) 

F. P.: 5' TACCATGGGCGAAGATTTTGTGCGAC 3' 
Ncol 

R. P.: 5' CGTCTCGAGACTCAATGCATGTGT 3' 
Xho I 

pET 28a Puerto Rico non-tagged PA (aa 1-716) 

F. P.: 5' TACCATGGGCGAAGATTTTGTGCGAC 3' 
Ncol 

R. P.: 5' TACTCGAGCTAACTCAATGCATGTGT 3' 
Xho I 

pET 28a Puerto Rico C-His tagged N-PA (aa 1-256) 

F. P.: 5' TACCATGGGCGAAGATTTTGTGCGAC 3' 
Ncol 

R. P.: 5' GCGCTCGAGTCTAGCATTTACTTCTTT 3' 
Xho I 

pET 28a Puerto Rico C-His tagged C-PA (aa 277-716) 

F. P.: 5' TACCATGGGCTCTCAGCGGTCCAAAT 3' 
Ncol 

R. P.: 5' CGTCTCGAGACTCAATGCATG TGT 3' 
Xho I 
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PA Hong Kong Sequence (A/Hong Kong/483/97, H5N1) 

ATGGAAGACTTTGTGCGACAATGCTTCAATCCAATGATTGTCGAGCTTGCGGAAAAGACAATGAAGGAGTA 
CGGGGAAGATCCGAAAATTGAAACAAACAAGTTCGCTGCAATATGCACACACTTAGAAGTCTGCTTCATGT 
ATTCAGACTTCCATTTCATTGACGAACGAGGCGAATCAATAATTGTGGAATCTGGTGATCCGAATGCATTG 
TTGAAACACCGATTTGAAATAATTGAAGGAAGAGACCGAGCAATGGCCTGGACAGTGGTGAATAGCATCTG 
CAACACCACAGGAGTCGATAAACCCAAATTTCTTCCGGATCTATACGACTACAAGGAAAACCGATTCACTG 
AAATTGGTGTGACACGGAGAGAAATTCATATATATTACTTAGAGAAAGCTAACAAGATAAAATCCGAGAAA 
ACACATATCCACATCTTCTCATTCACTGGAGAAGAGATGGCCACTAAAGCTGACTACACCCTTGATGAAGA 
GAGCAGGGCAAGAATCAAAACCAGACTATTCACCATAAGACAGGACATGGCAAGCAGGGGTCTATGGGACT 
CCTTTCGTCAGTCCGAGAGAGGCGAAGAGACAATTGAAGAAAGATTTGAAATCACAGGGACCATGCGTAGG 
CTTGCCGACCAAAGTCTCCCACCTAACTTCTCCAGCCTTGAAAACTTTAGAGCCTATGTGGATGGATTCAA 
ACCGAACGGCTACATTGAGGGCAAGCTTTCTCAAATGTCGAAAGAAGTGAACGCCAGAATTGAGCCATTTC 
TGAAGACAACACCACGTCCTCTCAGATTGCCTGATGGACCCCCCTGCTCCCAGCGGTCGAAATTCTTGCTG 
ATGGATGCTCTGAAATTAAGCATTGAGGACCCGAGCCATGAGGGGGAGGGGATACCGCTATATGATGCTAT 
CAAATGCATGAAAACATTCTTTGGCTGGAGAGAGCCCAACATCATCAAACCACACGAAAAAGGCATAAATC 
CCAATTATCTCATGGCTTGGAAGCAGGTGCTAGCAGAACTCCAGGATATTGAAAATGAGGATAAAATCCCA 
AAAACAAAGAACATGAAGAAAACAAGCCAATTAATGTGGGCACTCGGAGAGAATATGGCACCGGAAAAAGT 
GGACTTTGAGGATTGCAAAGACATTGACGATCTGAAACAGTATCACAGTGATGAGCCAGAGCTCAGATCGC 
TAGCAAGCTGGATCCAGAGTGAGTTCAACAAGGCATGTGAATTGACCGATTCGAGCTGGATAGAACTTGAT 
GAGATAGGGGAAGATGTTGCCCCAATTGAGCACATTGCAAGTATGAGAAGGAACTACTTCACCGCGGAGGT 
GTCCCATTGCAGGGCTACTGAGTACATAATGAAGGGGGTTTACATAAATACAGCTTTGCTCAATGCATCTT 
GTGCAGCCATGGATGACTTCCAACTGATTCCAATGATAAGCAAATGCAGAACAAAAGAAGGAAGGAGGAAG 
ACAAACCTGTATGGGTTCATCATAAAAGGAAGGTCCCATTTGAGAAATGATACTGACGTGGTGAACTTTGT 
GAGTATGGAATTCTCCCTTACTGACCCAAGGCTGGAGCCACACAAATGGGAAAAGTACTGTGTTCTTGAAA 
TAGGGGAAATGCTCTTGCGGACTGCAATAGGTCAAGTGTCAAGGGCCATGTTCCTGTATGTGAGAACTAAC 
GGAACCTCAAAAATTAAGATGAAATGGGGGATGGATATGAGGCGCTGCCTTCTTCAATCTCTTCAACAGAT 
TGAGAGCATGATCGAGGCTGAGTCTTCTATCAAAGAGAAAGACATGACCAAAGAGTTCTTTGAAAACAGAT 
CGGAGACATGGCCAATTGGAGAGTCACCTAAGGGAGTGGAGGAAGGCTCCATCGGGAAGGTGTGCAGAACC 
TTACTAGCAAAATCCGTGTTCAACAGCCTATATTCATCTCCACAACTCGAAGGATTTTCAGCTGAATCGAG 
AAAACTACTACTCATTGTTCAAGCACTTAGGGACAACCTGGAACCTGGAACCTTCGATCTTGAAGGGCTAT 
ATGGAGCAATTGAGGAGTGCCTGATTAATGATCCCTGGGTTTTGCTTAATGCATCTTGGTTCAACTCCTTC 
CTCACACATGCACTAAGATAG 

ATG (red, bold): start codon 
TAG (purple, bold): stop codon 
F. P.: forward primer 
R. P.: reverse primer 

pFastBac 1 Hong Kong C-His tagged PA (aa 1-716) 

F. P.: 5' TAATGCGGCCGCATGGAAGACTTTGTGCGACA 3' 
NotI 

R. P.: 5' TATCTCGAGCTAGTGATGGTGATGGTGATGCGAGCCTCTTAGTGCATGTGTGAGG 3' 
Xhol 6X His Tag Ser Gly 
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PA FPV Sequence (A/Fowl plague virus/Rostock/8/1934, H7N1) 

AGCGAAAGCAGGTACTGATCCAAAATGGAAGAATTTGTGCGACAATGCTTCAATCCAATGATCGTCGAGCT 
TGCGGAAAAGACAATGAAAGAATATGGAGAGGACCCGAAGATTGAAACAAACAAATTCGCAGCAATATGCA 
CACATTTGGAAGTGTGTTTCATGTATTCAGATTTCCACTTTATTGATGAACGGGGAGAGTCAAAGATTGTA 
GAATCTGGTGACCCAAATGCACTCTTGAAGCACCGATTTGAGATAATTGAAGGAAGAGATCGCACGATGGC 
CTGGACGGTGGTGAATAGCATTTGCAATACTACAGGGGTTGAGAAACCCAAGTTCCTTCCGGATTTGTATG 
ATTATAAGGAGAACCGATTCATTGAAATTGGAGTGACAAGAAGGGAGGTCCACATATACTACTTAGAAAAA 
GCCAATAAGATAAAATCTGAGAAGACACACATCCACATCTTCTCATTCACTGGGGAAGAAATGGCCACTAA 
GGCGGACTACACTCTTGATGAAGAGAGCAGAGCAAGGATCAAAACCAGGCTATTCACCATAAGACAAGAAA 
TGGCCAGTAGAGGCCTCTGGGATTCCTTTCGTCAGTCCGAGAGAGGCGAAGAGACAATTGAAGAAAGATTT 
GAAATCACAGGAACCATGCGCAGGCTTGCCGAACAAAGTCTCCCACCGAACTTCTCCAGCCTTGAAAACTT 
TAGAGCCTATGTGGATGGATTCAAACCGAACGGCTGCATTGAGGGCAAGCTTTCTCAAATGTCCAAAGAAG 
TAAATGCAAGAATCGAGCCATTCTTGAAGACAACACCACGCCCTCTCAGATTACCTGATGGGCCTCCCTGT 
TCTCAGCGGTCAAAATTCCTACTGATGGATGCTCTGAAATTAAGCATTGAAGACCCAAGTCATGAGGGGGA 
GGGGATACCACTACATGATGCAATCAAATGCATGAAGACATTCTTTGGCTGGAAAGAGCCCAATATTGTCA 
AACCGCATGAGAAGGGCATAAATCCCAACTATCTCCTGGCTTGGAACCAGGTGCTAGCAGAACTGAAGGAT 
ATTGAGAATGAGGAGAAAATTCCAAAAACAAAAAATATGAAGAAAACAAGCCAGTTAAAGTGGGCACTTGG 
TGAGAACATGGCACCAGAGAAAGTAGACTTTGAGGATTGCAAGGACATTAGCGATCTGAAGCAGTATGACA 
GTGATGAGCCAGAACAGAGATCACTAGCGAGTTGGATCCAGAGTGAATTCAACAAAGCATGTGAGCTGACC 
GATTCAGGTTGGATAGAACTTGATGAAATAGGAGAAGATGTAGCCCCAATCGAGCACATTGCAAGTATGAG 
GAGAAACTATTTCACAGCGGAAGTGTCTCACTGCAGGGCAACGGAGTACATAATGAAAGGGGTATACATAA 
ACACGGCCTTGCTCAATGCATCTTGTGCAGCTATGGATGACTTCCAGCTGATCCCAATGATAAGCAAATGC 
AGGACCAAAGAAGGAAGACGGAAGACGAATCTGTATGGATTCATTATAAAAGGAAGATCTCACTTGAGGAA 
TGATACTGATGTGGTGAATTTTGTGAGCATGGAGTTCTCTCTCACTGACCCGAGGCTTGAGCCACACAAGT 
GGGAGAAGTATTGTGTTCTTGAAATAGGAGACATGCTCCTGCGGACTGCAATAGGCCAAGTATCAAGGCCC 
ATGTTCCTGTATGTGAGAACCAATGGAACCTCCAAAATCAAGATGAAATGGGGTATGGAGATGAGACGTTG 
CCTTCTTCAGTCCCTTCAACAGGTTGAAAGCATGGTTGAGGCTGAGTCCTCTGTCAAGGAGAAAGACATGA 
CTAAGGAATTCTTTGAAAACAAGTCAAAGACGTGGCCCATTGGAGAATCACCTAAAGGAGTGGAAGAAGGT 
TCCATCGGGAAAGTGTGCAGGACCTTACTGGCGAAGTCTGTATTTAACAGCTTATATGCATCCCCACAACT 
TGAGGGATTTTCAGCGGAATCTAGAAAACTGCTCCTCATTGTTCAGGCTCTTAGAGACAACCTGGAACCTG 
GAACCTTCGATCTTGGAGGGCTATATGGAGCAATTGAGGAGTGCCTGATTAATGATCCCTGGGTTTTGCTT 
AATGCATCTTGGTTCAACTCCTTCCTCACACATGCACTGAAATAGTTGTGGCAATGCTACTATTTGCTATC 
CATACTGTCCAAAAAAGTACCTTGTTTCTACT 

ATG (red, bold): start codon 
TAG (purple, bold): stop codon 
F. P.: forward primer 
R. P.: reverse primer 

pFastBac 1 FPV C-His tagged PA (aa 1-716) 

F. P.: 5' TAATGCGGCCGCATGGAAGAATTTGTGCGACA 3' 
Not I 

R. P.: TAT CTCGAGCTAGTGATGGTGATGGTGATGCGAGCC TTTCAGTGCATGTGTGAGG 3' 
Xhol 6X His Tag Ser Gly 
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APPENDIX IV 

ROTATIONAL ANGLES OF AN ICOSAHEDRON 
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6=20.905157463, 9=58.282525589, 
A6=20.905157463 A6=37.377368126 

9=180, 
A9=20.905157463 


