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Abstract 

Birnaviruses have a bi-segmented double-stranded RNA genome residing within 

a single-shelled non-enveloped icosahedral particle.  There are economic reasons to 

study birnaviruses and prevent their propagation as many of the birnaviruses are 

pathogenic to species that are consumed by humans (salmon, yellowtail fish, chicken, 

and clam) and some are commercially farmed.  Protease VP4 cleaves the polyprotein 

(NH2-pVP2-VP4-VP3-COOH) of birnavirus into components required for virion assembly. 

It utilizes a serine-lysine (Ser/Lys) catalytic dyad that is less characterized than the 

Ser/His/Asp classical catalytic triad; thus, there are also scientific interests in studying its 

mechanism.  The crystal structure of Infectious pancreatic necrosis virus (IPNV) 

revealed acyl-enzyme complexes suggesting that VP4 proteases could be used to trap 

different stages of the reaction mechanism.  Here, I present the results of the 

crystallography analysis on VP4 proteases from Tellina virus 1 (TV-1), and Yellowtail 

ascites virus (YAV).  These structures provided insights on how VP4 proteases interact 

with the substrates and how the polyprotein is cleaved; thus, will aid in the design of anti-

birnavirus compounds.  

 TV-1 was first isolated from the sand dwelling marine bivalve mollusk Tellina 

tenuis (clam).  Manifestations of the disease include a thinner and chalkier shell as well 

as a pale yellow digestive gland.  The structure of TV-1 VP4 was solved to 2.1 Å 

resolution revealing an intramolecular (cis) acyl-enzyme complex which demonstrates 

how the enzyme recognizes its own carboxy-terminus during the VP4/VP3 cleavage 

event.  To our knowledge, this is the first time that an intramolecular acyl-enzyme has 

been observed within a protease crystal structure.  

 YAV infection leads to ascites in yellowtail fish (Seriola quinqueradiata), which is 

popular in sushi.  The existence of a previously proposed internal cleavage site within 

VP4 was confirmed using protein and fluorometric peptide cleavage assays as well as 

capturing it in two acyl-enzyme structures.  The native active site structure (2.5 Å 

resolution) revealed both the acyl-enzyme and product bound states.  The lysine mutant 

structure (2.3 Å resolution) revealed the acyl-enzyme and empty binding site states of 

VP4, which allows for the observation of structural changes upon substrate or product 

binding.  
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Glossary 

Å 

 

 Symbol for Ångströms which equals to 10-10m. 

 

Acyl-enzyme intermediate  An intermediate formed during enzyme catalysis in 

which the active site residue is acylated to the 

substrate. 

Asymmetric unit  Define as the smallest unit that can be used to 

generate a unit cell using symmetry operators. 

B factor  Also known as the “temperature-factor” which is an 

indicator of the degree to which the electron density 

is spread out due to the thermal motion of the atoms 

in the lattice.  A higher B-factor can indicate higher 

mobility or error in the model. 

β-augmentation  A type of β-sheet/strand interaction in which the β-

strands involved are contributed by two different 

molecules.  The folding of these molecules are 

independent of the β-augmentation formation. 

Birnavirus  A non-enveloped virus with a bi-segmented double-

stranded RNA genome encapsulates in an 

icosahedral capsid. 
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Birnavirus polyprotein 

 

A protein encoded by the larger open reading frame 

of segment A in the birnavirus genome and contains 

proteins pVP2, VP4, and VP3.  In TV-1 and BSNV, it 

also encodes peptide X between pVP2 and VP4.  

The polyprotein is about 1000-residue-long. 

Blotched snakehead virus 

(BSNV) 

 A birnavirus that infects blotched snakehead fish 

(Channa lucius) and is the type species of 

blosnavirus.   

Bürgi angle  The angle of attack (~107o) on a carbonyl by a 

nucleophile as determined by Bürgi and Dunitz using 

crystallographic data. 

 Completeness  The total number of reflections measured, expressed 

as a percentage of the total number of reflections 

expected for a given resolution. 

Crystallographic 

refinement 

 An iterative process whereby the R-factors (values 

that indicates the agreement between the molecular 

model and the crystallographic data) were improved 

by means of adjusting the atomic coordinates of the 

molecular model to match the crystallographic data. 

Drosophila X virus (DXV)  An entomobirnavirus that causes sensitivity to 

anoxia in flies. 
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Figure of merit (FOM) 

 

In the context of SAD phasing in crystallography, it is 

an estimate of phase quality which ranges from 0 to 

1. An FOM above 0.45 is very good for SAD phasing 

whereas a FOM of 0.25-0.45 is acceptable. 

Infectious bursal disease 

virus (IBDV) 

 An avibirnavirus that destroys lymphoid cells in the 

bursa of Fabricius in chickens. 

Infectious pancreatic 

necrosis virus (IPNV) 

 An aquabirnavirus that causes disease in various 

salmonid fish. 

Matthews coefficient   Also known as specific volume (Vm) and defined by 

the equation:  
𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑢𝑛𝑖𝑡  𝑐𝑒𝑙𝑙

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟  𝑊𝑒𝑖𝑔ℎ𝑡  𝑜𝑓  𝑡ℎ𝑒  𝑚𝑎𝑐𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ∗ 𝑍 ∗ 𝑋
 

Where Z is the number of asymmetric units in the 

unit cells and X is the number of molecules in the 

asymmetric unit.  The unit for Matthews coefficient is 

Å3/dalton. 

Molecular replacement   A method to obtaining phase information using 

phase information provided by a model from a 

homologous molecule. 

PEG  The abbreviation for polyethylene glycol which is a 

precipitant that is commonly used in crystallization 

trials.  
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Peptide bond  A chemical bond formed between the carboxyl group 

and amino group of adjacent amino acids which links 

the individual amino acids into polypeptide/protein.  

Redundancy   It is defined as the average number of independently 

measured reflection in a crystallographic dataset and 

is calculated by the equation: 

𝑅𝑒𝑑𝑢𝑛𝑑𝑎𝑛𝑐𝑦 =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑢𝑛𝑖𝑞𝑢𝑒  𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

 

re-face  
 
In the case of protease cleavage, it refers to the face 
of the peptide with carbonyl oxygen (O), amide 
Nitrogen (N) and Cα going in a clockwise direction. 
 

Rmerge  Measures the agreement among multiple 

measurements of the same reflections and is 

defined by the equation: 

𝑅𝑚𝑒𝑟𝑔𝑒 =    𝐼𝑖 ℎ𝑘𝑙 − 𝐼 ℎ𝑘𝑙𝑖ℎ𝑘𝑙       𝐼𝑖𝑖ℎ𝑘𝑙 ℎ𝑘𝑙 , 

where  𝐼𝑖 ℎ𝑘𝑙  is the intensity of an individual 

reflection and 𝐼 ℎ𝑘𝑙  is the mean intensity of that 

reflection. 

RMSD  The acronym for root mean square deviation.  In 

crystallography, it is a measure of how good the final 

crystallographic model fits the expected bond 

lengths and bond angles. 

 

 

  

 

 

 



 

xix 

 

SAD 

 

The abbreviation for single-wavelength anomalous 

diffraction, a method to obtain initial phases by 

measuring diffraction data at a single wavelength 

near the absorption edge of a heavy-atom such as 

selenium.  In the absence of anomalous scattering, 

the intensity of the Friedel pair is equal but have 

opposite phases.  In the presence of anomalous 

scattering, the intensity is no longer equal nor having 

opposite phases.     

 

si- face  
 
In the case of protease cleavage, it refers to the face 
of the peptide with carbonyl oxygen (O), amide 
Nitrogen (N) and Cα going in a counter-clockwise 
direction. 
   

Solvent content   Defined as the fraction of the unit cell taken up by 

the solvent and is calculated by the equation: 

1.23/Vm (specific volume). 

Space group  Indicates the symmetry of the unit cell in a crystal. 

The capital letter in the space group indicates the 

lattice type and the other symbols represents the 

symmetry operations that can be used on the 

asymmetric unit to generate the complete content of 

the unit cell. 

Tellina virus 1 (TV-1)  A birnavirus isolated from the sand dwelling marine 

bivalve mollusk Tellina tenuis (clam).  
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Unit cell  The smallest repeating unit that can be use to 

generate a crystal by using translation. 

Viral protein 2 (VP2)  A capsid protein encodes by segment A of the 

birnavirus genome and translates as part of the 

polyprotein.   

Viral protein 3 (VP3)  A protein encodes by segment A of the birnavirus 

genome and translates as part of the polyprotein.  It 

is known to associate with the capsid protein VP2, 

the double-stranded RNA genome and the self-

encoded RNA-dependent RNA polymerase, VP1.  

Viral protein 4 (VP4)  A protease encodes by segment A of the birnavirus 

genome and translates as part of the polyprotein.  It 

is responsible for cleaving the polyprotein into its 

constituent components  

X-ray  A type of electromagnetic radiation with wavelength 

between 0.01 - 10 nm. 

Yellowtail ascites virus 

(YAV) 

 An aquabirnavirus, YAV and YAV-like viruses are 

members of marine birnavirus (MABV) which infect 

both fish and shellfish.  YAV infection leads to 

ascites in yellowtail fish (Seriola quinqueradiata), 

which is popular in sushi, thus causing significant 

losses to the fish-farming industry.   
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1. Motivation for investigating VP4 protease 
structure, function and mechanism.  

1.1. VP4 protease 

Viral protease VP4 is a Ser/Lys dyad protease that is encoded within the 

birnavirus genome.  Birnavirus encodes a polyprotein, a single polypeptide, on which the 

capsid precursor protein (pVP2), VP4 and inner capsid protein (VP3) are found (Figure 

1-1) 1,2,3.  Protease VP4 is responsible for the cleavage of the polyprotein and its 

processing is required for the assembly of the virus.    
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Figure 1-1.  Gene products of Infectious bursal disease virus (IBDV) segment A 
and B.  

There are two open reading frames (ORFs) in segment A of the IBDV genome.  The larger ORF 
(ORF2) encodes a polyprotein that contains the capsid precursor protein (pVP2), viral protease 
(VP4) and inner capsid protein (VP3).  Protease VP4 cleaves the polyprotein to yield: pVP2, VP4, 
and VP3 (blue arrows).  The smaller ORF codes for VP5 which is shown to induce apoptosis in 
DF-1 cells. The C-terminal end of pVP2 is further processed by VP4 to yield additional peptides 
(blue arrows) 1. Cleavage between residues 441 and 442 of the polyprotein releases the mature 
capsid protein and this cleavage is mediated by the autoproteolytic activity of pVP22.  Segment B 
has only one ORF which codes for an RNA-dependent RNA polymerase (VP1) that can exist as a 
free polymerase or link to the RNA genome (VPg) 3.  The number, type and order of cleavage 
events may differ in the various species of birnavirus, although the overall maturation process is 
likely to be similar to that seen in IBDV. 
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1.2.  Related proteases. 

Examples of Ser/Lys dyad proteases include type I signal peptide4, signal peptide 

peptidase (SppA) 5, UmuD family of peptidases (UmuD6, LexA 7, lambda repressor8) and 

Lon protease9.  Type I signal peptidase and SppA are involved in signal peptide 

processing on proteins exported from the cytoplasm.  Proteases UmuD and LexA 

participate in the bacterial SOS response triggers by DNA damage6.  The lambda 

repressor prevents the phage from entering the lytic cycle by repressing promoters 

associated with lytic functions 10-12.  Lon protease participates in protein quality control 

and degradation of misfolded proteins 13.  

1.3. Classification of VP4 

According to the MEROPS protease database, the VP4s from IPNV, infectious 

bursal disease virus (IBDV), Blotched snakehead virus (BSNV), Drosophila X virus 

(DXV) and Tellina virus 1 (TV-1) belong to the evolutionary clan SJ 14.  However, the 

amino acid sequence of TV-1 VP4 is more divergent from the rest of the VP4s and is 

classified into family S69 instead of family S50 in which the other VP4s have been 

assigned to (Figure 1-2).  A list of VP4 features, PDBs, sequence comparison, 

sequence alignment can be found in Tables 1-1, 1-2 and Figure 1-3. 
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Figure 1-2.  Radial phylogenetic tree of VP4 proteases. 

The radial phylogenetic tree was generated using the Phylogeny.fr server following the “One 
Click” workflow (program MUSCLE for alignment, program Gblocks for curation, program PhyML 
for phylogeny, and program TreeDyn for tree rendering) 15-21.  The UniProt accession number for 
the VP4 sequences are listed in Table1-1 and the UniProt accession number of E.coli Lon 
protease is P0A9M0.  
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Virus	  
name	  

	  
UniProt	  
accession	  
number	  

	  

	  
Sequence	  
length	  (AA.)	  

	  
Size	  
(KDa)	  

	  
pI	  

	  
PDB	  ID	  

	  
Reference	  

BSNV	   Q8AZM0	   234	   25.2	   5.64	   2GEF 24	   Da	  Costa	  et	  al.	  25	  

IPNV	   Q703G9	   226	   24.0	   4.75	  
1)2PNM	  26	  
2)2PNL	  26	   Galloux	  et	  al.	  27	  

YAV	   P89521	   226	   24.1	   4.86	  
1)	  3R0B	  
2)	  4HHC	   Suzuki	  et	  al.	  28	  

IBDV	   P25220	   243	   26.5	   6.66	   	   Bayliss	  et	  al.	  29	  

DXV	   Q96724	   223	   24.5	   5.86	   	   Chung	  et	  al.	  30	  

TV-‐1	   Q2PBR5	   212	   22.5	   9.83	   3P06	   Nobiron	  et	  al.	  31	  

 

Table 1-1.  VP4 sequence and structural information.  

The sequences were obtained from UniProt.  Values for sequence length, size and pI were 
calculated using ProtParam 22, 23. 

	  	  Identity	  (%)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Similarity	  (%)	  

BSNV	   IPNV	   YAV	   IBDV	   DXV	  

IPNV	   17.7/30.0	   	   	   	   	  
YAV	   17.3/29.2	   81.0/88.1	   	   	   	  
IBDV	   20.5/33.2	   18.1/27.8	   18.1/28.6	   	   	  
DXV	   19.6/31.5	   15.9/29.3	   14.2/29.3	   21.3/27.7	   	  
TV-‐1	   19.5/32.2	   11.8/27.6	   10.5/23.7	   15.8/27.9	   18.9/30.3	  

 

Table 1-2.  Identity and similarity between different VP4 sequences. 

The protein sequence alignment was generated using ClustalW 32 and the sequence identities 
and similarities were calculated using the sequences identities and similarities web server 
(URL:http://imed.med.ucm.es/Tools/sias.html) using the following equation:  

%  identity  or  similarity   = 100   !"#$%&'()  !"#$%$"&#
!"#$%&  !"  !"#  !"#$%&'%(
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Figure 1-3.  VP4 sequence alignment. 

The VP4 sequence alignment was performed using the program ClustalW32 and the graphical 
output was generated using the program ESPript33.  Residues that are conserved are shown as 
white text highlighted in red and semi-conserved residues are shown as red text in blue boxes. 
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1.4. VP4 structures  

1.4.1. BSNV VP4 

In 2006, Feldman et al. solved the structure of BSNV VP4 with a C-terminal 

truncation. The structure revealed an empty active site (Figure 1-4)24.  The VP4 protein 

fold consists of 13 β-strands, one β -hairpin, 3 α-helices and one 310 helix.  The structure 

can be divided into two domains with domain I composes mainly of β-strands and 

domain II composes of α-helixes with intervening β-strands.  The serine nucleophile Oγ 

(Ser692) is within hydrogen bonding distance to the lysine general base Nζ (Lys729) 

(Figure 1-4).  The ε-amino group of the lysine general base is also coordinated by the 

Oγ of Thr712.  Superposition of active sites from other Ser/Lys proteases (e.g. signal 

peptidase, Lon protease and LexA from E. coli) revealed that they also have a hydroxyl 

from a serine or threonine within hydrogen bonding distance to the lysine general base24.  

Dimerization was observed in the crystal structure of BSNV VP4 with the N-terminal β-

strands (β1, Figure 1-4, magenta and yellow) from adjacent molecules hydrogen 

bonding with each other in an antiparallel β-augmentation fashion.  No dimers were 

detected in solution for the construct used in crystallization.    
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  Number	   Reference	  

2GEF	   2.2	   Q8AZM025	   Feldman	  et	  al.	  24	  

 

Figure 1-4.  Structure of BSNV VP4. 

Each asymmetric unit is composed of two molecules of VP4 which are shown in yellow/cyan and 
magenta/green24.  The N-terminal β-strand (β1, Magenta and yellow) from each molecule 
hydrogen bond with each other in an antiparallel fashion to form a homodimer. The serine 
nucleophile (Ser692) is shown as red spheres and the lysine general base (Lys729) is shown as 
blue spheres.  The figure was prepared using Pymol35.  
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1.4.2. IPNV VP4 

In 2007, Lee et al. published two crystal structures of IPNV VP4 with one forming 

an intermolecular acyl-enzyme complex (Figure 1-5) and the other as an empty enzyme 

(Figure 1-6) 26.  The serine nucleophile (Ser633) is shown as red spheres and the lysine 

general base (Lys674) is shown as blue spheres in Figures 1-5 and 1-6.  The lysine 

general base was mutated to an alanine.  The acyl-enzyme complex structure was 

captured at the internal cleavage site with the C-terminus (Figure 1-5B, magenta) of 

VP4 bound in the active site of an adjacent molecule forming a long chain of molecules 

in the crystal.  There are 10 molecules in the asymmetric unit in this crystal form (Figure 

1-5A). The overall architecture and fold of IPNV VP4 is similar to that of BSNV.   A major 

difference is found at the N-terminus where an α-helix is found in place of a β-strand.  

The presence of the substrate, the C-terminus of an adjacent VP4, allowed for the 

identification of the S1, S3, S5 and S6 substrate binding pockets.  The substrate is 

stabilized by anti-parallel hydrogen bonding with the top of the binding groove and by 

parallel hydrogen bonding with the bottom of the binding groove.  In the oxyanion hole, 

the main chain amide nitrogen of the nucleophile (Ser633) is within hydrogen bonding 

distance to the carbonyl carbon of residue P1.  Alpha helix 2 locates immediately after 

Ser633, its partial positive dipole may also contribute to oxyanion stabilization. 
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  number	   Reference	  

2PNL	   2.2	   Q703G927	   Lee	  et	  al.	  26	  

 

Figure 1-5.   The intermolecular acyl-enzyme complex of IPNV VP4 captured at the  
internal cleavage site. 

A) The C-terminus of each VP4 molecules binds into the active site of an adjacent molecule 
forming a long chain of VP4 molecules in the crystal26.  There are 10 molecules in the ASU and 
each is shown in a different colour.  B) Two molecules from the ASU are shown in yellow 
(Molecule D) and magenta (Molecule C).  The C-terminus of molecule C serves as the substrate 
for molecule D (yellow).  The serine nucleophile (Ser633) is shown as red spheres and the lysine 
general base (Lys674), mutated to alanine, is shown as blue spheres.  The figure was prepared 
using Pymol35. 
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  number	   Reference	  

2PNM	   2.3	   Q703G9	  27	   Lee	  et	  al.	  26	  

 

Figure 1-6.  The structure of IPNV VP4 with an empty binding groove. 

The construct used for generating this crystal consisted of residue 524-716 of the polyprotein 
which is shorter than that used for the acyl-enzyme structure26.  The serine nucleophile (Ser633) is 
shown as red spheres and the lysine general base (Lys674), mutated to alanine is shown as blue 
spheres.  The figure was prepared using Pymol35 
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1.5. The proposed Ser/Lys dyad mechanism of VP4 
protease. 

Protease VP4 utilizes a covalent two-step catalysis mechanism typical of 

hydrolase that use a serine nucleophile.  The classic example of this class of enzyme 

is chymotrypsin.  The standard accepted mechanism utilized by these enzymes 

included two tetrahedral transition states and one acyl-enzyme intermediate (Figure 

1-7, 1-9).  The first evidence for the two-step mechanism came from kinetic studies. 

Using p-nitrophenyl acetate as a substrate, Hartley et al. demonstrated that 

chymotrypsin cleaves its substrate in two steps 36.  The first step involves the quick 

release of the p-nitrophenyl group from the substrate leading to a yellow colour 

change.  The second step is much slower and required a water to react with the 

enzyme to release the covalently bound acetate group and regenerate the enzyme for 

another reaction cycle.  The two-step reaction mechanism can be thought of as 

occurring in two stages with transition state steps in between each stage.  The first 

stage is the acylation of the enzyme to form a covalent acyl-enzyme intermediate 

(Figure 1-7,Steps 1-4).  Stage two involves the deacylation of the acyl-enzyme to 

release the product and free enzyme (Figure 1-7,Steps 5-6).  The following reaction 

mechanism for serine protease was adapted from the mechanism of chymotrypsin 

and the proposed mechanism of signal peptidase I, and is also consistent with the 

structural and biochemical evidence so far collected for VP4 protease 37, 38.  Stage one 

begins with the binding of the substrate to the active site and substrate binding groove 

(Figure 1-7,Step 1).  The general base (blue) abstracts a proton from the Ογ serine 

nucleophile (red) thereby activating it for a nucleophilic attack on the P1 carbonyl 

carbon of the bound substrate (Figure 1-7,Step 2).  Residue P1 refers to the residue 

immediately preceding the scissile bond (pink) which is the bond cleaved by the 

protease 39(Figure 1-7).  This nomenclature was first used by Schechter and Berger in 

1967 to describe the peptidase specificity of papain (Figure 1-8). The nucleophile 

attacks from the si-face of the scissile bond in VP4 protease whereas in chymotrypsin 

it attacks from the re-face 40.  The protonated general base is stabilized by a negative 

charge on an adjacent aspartic acid in chymotrypsin.  Unlike the imidazole group of 

histidine in chymotrypsin, a counter charge is not required for the ε-amino group of 

lysine to carry out effective proton transfer 41.  The nucleophilic attack leads to the 
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formation of a tetrahedral transition state oxyanion on the P1 residue, a state with high 

free energy (Figure 1-7,Step 3; Figure 1-9).  The hydrogen bond donors in the 

oxyanion hole (green) form hydrogen bonds with the oxyanion and stabilize it.  In both 

chymotrypsin and VP4 proteases, backbone amides form part of the oxyanion hole.  

Next, a proton is transferred from the general base to the P' end of the substrate.  

Residue P’ refers to the residues after the scissile bond (Figure 1-8).  The peptide 

bond between the P1 and P1' residues is then cleaved and the P' side of the product 

is released.  The P end of the substrate remained covalently attached to the serine 

nucleophile Oγ and forms an acyl-enzyme complex that is at a local free energy 

minima (Figure 1-7,Step 4; Figure 1-9).  Stage two of the mechanism begins with the 

deprotonation of a catalytic (or deacylating, or nucleophilic) water to become OH-.  It 

then attacks the ester carbonyl carbon on the P1 residue resulting in the formation of 

a second tetrahedral transition state oxyanion (Figure 1-7,Step 5, Figure 1-9).  

Finally, the protonated general base donates a proton back to the Oγ of the serine 

nucleophile and the P end of the product is released (Figure 1-7,Step 6).  A list of 

polyprotein cleavage sites in birnaviruses is shown in Figure 1-10. 
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Figure 1-7.  The generalized mechanism of Ser/Lys proteases. 

This generalized mechanism was adapted from the Ser/His/Asp triad mechanism of 
chymotrypsin38 and the Ser/Lys dyad mechanism proposed by Paetzel et al. 37.  The stages 
involved are empty enzyme and substrate (step 1), Michaelis complex (step 2), tetrahedral 
transition state I (step 3), acyl-enzyme complex (step 4), tetrahedral transition state II (step 5) 
and enzyme-product complex (step 6). 
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Figure 1-8.  The Schechter and Berger nomenclature of peptidase specificity. 

This nomenclature was first used by Schechter and Berger in 1967 to describe the peptidase 
specificity of papain39.  The P1 residue is located immediately before the scissile bond, the bond 
cleaved by the peptidase.  The “P” stands for peptide.  The residues are numbered from the 
scissile bond towards the N-terminus.   Residue P1’ lies right after the scissile bond and they are 
numbered from the scissile bond towards the C-terminus.  The subsites accommodating these 
residues have the same numbers as the peptides they accommodate but the “P” is replaced with 
an “S” to denote subsite. 
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Figure 1-9.  Free energy diagram for a two-step covalent catalysis mechanism. 

A) The free energy diagram for a two-step covalent catalysis mechanism that involves the 
following steps: enzyme (E) and substrate (S), Michaelis complex (ES), tetrahedral transition 
state I (TSI), acyl-enzyme (AE), tetrahedral transition state II (TSII), enzyme-product complex 
(EP) and product (P) and enzyme. B) A simple equation of the reaction is shown. 

 

 

 

  

A) 

B) 
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Figure 1-10.  List of polyprotein cleavage sites in birnaviruses. 
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Figure 1-10.  List of polyprotein cleavage sites in birnaviruses.  (Continued from 

last page).     

The polyprotein cleavage sites are shown for Blotched snakehead virus (BSNV) (Uniprot 
accession: Q8AZM0) 25, Drosophila X virus (DXV) (Uniprot accession: Q96724) 30, infectious 
bursal disease virus (IBDV) (Uniprot accession: Q9WI42) 42, IPNV (Uniprot accession: Q703G9) 
43, 44, TV-1 (Uniprot accession: Q2PBR5)31, and Yellowtail ascites virus (Uniprot accession: 
P89521)45.  The coloured circles next to the cleavage sites denote the method of identification. 
The amino acids that match the consensus sequence are shown in red.  The figure was prepared 
using ChemBioDraw Ultra 12.0.   

1.6. Effect of pKa on Ser/Lys dyad activity 

The proper function of catalytic residues are linked to their protonation states 

which are governed by their pKa 
46.  Protease VP4 utilizes a Ser/Lys dyad mechanism.  

In order for lysine to function as a general base, its ε-amino group needs to reside in the 

deprotonated state.  The pKa of a lysine ε-amino group exposed to the solvent is ~10.5 

so it remains protonated at physiological pH (Table 1-3).  The enzyme solves this 

problem by providing an environment that depresses the pKa 41, 47.  In general, the pKa 

decreases when the group is placed in close proximity to a positive charge47.  This 

favours the deprotonated state and helps to limit charge repulsion.  The opposite is true 

when the residue is situated near a negative charge.   The other situation that results in 

a shift in pKa is to situate the titratable functional group in a hydrophobic environment; 

the pKa shifts to favour a charge neutral state.  Formation of favourable hydrogen bonds 

generate energy which can be used to lower the pKa of hydrogen bond acceptors and 

increase the pKa of the hydrogen bond donors 46.   

Kinetic data show that the apparent pKa for the lysine general base in signal 

peptidase 1, Lex A repressor and bacterial signal peptidase A (unpublished data), is 

indeed depressed to a value near 8.5 to 9.0 7, 48, 49.  It has been difficult to measure 

directly the pKa of lysine general bases by NMR, but it is being attempted. 
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Residue	   pKa	  
Serine	  hydroxyl	  (nucleophile)	   ~	  13	  

Lysine	  ε-‐amino	  group	  (general	  base)	   ~	  10.5	  

Threonine	  hydroxyl	   ~	  13	  
Water	   ~	  14	  

 

Table 1-3.  Standard pKa values for functional groups involved in the VP4 
mechanism. 

The values listed are for solvated surface conditions, not those buried in the active site 41, 47. 

1.7. Why is VP4 protease important? 

Although none of the birnaviruses have so far been reported to cause disease in 

humans, many of these viruses are pathogenic to species that are consumed by humans 

(salmon, trout, yellowtail fish, chicken, and clam) and some are commercially farmed.  

Thus, there are economic reasons to study this family of viruses and prevent their 

propagation.  Viral protease VP4 is a potential drug target for birnavirus as its inhibition 

will prevent cleavage of the polyprotein into components required for virion assembly.  

Study on VP4 cleavage events will also give insights into polyprotein processing as it 

substrates are the cleavage sites on the polyprotein.  This is of value to the study of 

viruses in general. There are also scientific interests in studying VP4 as they utilize a 

serine-lysine (Ser/Lys) catalytic dyad that is more recently discovered and less 

characterized than the Ser/His/Asp classical catalytic triad.  Also, the VP4 structure of 

Infectious pancreatic necrosis virus (IPNV) revealed an intermolecular (trans) acyl-

enzyme complex with the C-terminus of an adjacent VP4, the native substrate, 

suggesting that VP4 proteases could be used as models for the study of acyl-enzyme 

complexes and other stages in the catalytic mechanism.  
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1.8. Rational inhibitor design 

The discovery and development of inhibitors for VP4 protease would be a first 

step in the development of anti-viral compounds against birnavirus.  X-ray 

crystallographic study yields detailed structural information on how the enzyme interacts 

with the substrate, product or inhibitor.  It can also be used to capture the different 

stages in the reaction mechanism (Figure 1-9).  Crystal structures are therefore 

essential in rational drug design 50.  As mentioned above, protease VP4 uses a Ser/Lys 

dyad catalytic mechanism.  Various serine protease inhibitors function by trapping the 

intermediate steps in the reaction mechanism.  Transition state analogue inhibitors form 

stable adducts with the enzyme thereby mimicking the tetrahedral transition state.  

Peptidyl aldehydes, chloromethyl ketones (CMK) and borate based compound are 

examples of oxyanion transition state analogue inhibitors 38, 51-53.  Acyl-enzyme 

intermediates are more stable compared to the transition states as they have lower free 

energies (Figure 1-9)54.  Azapeptides inhibit chymotrypsin-like enzyme by forming acyl-

enzyme intermediates 38, 55.  The transition from acyl-enzyme intermediate to tetrahedral 

transition state II requires the activation of a deacylating water.  Inhibitors for TEM-1 β-

lactamase were developed based on the displacement of a deacylating water 56, 57.  

Water molecules also stabilize the interaction between the enzyme and the substrate by 

bridging the hydrogen bonding network.  The potency of an existing human 

immunodeficiency virus (HIV) protease inhibitor was enhanced by the presence of a 

cyclic urea carbonyl oxygen that mimicked a hydrogen-bonded water in the active site 58. 

Other inhibitors exploit the interactions between the enzyme and the substrate to 

enhance the binding affinity 59.  Some of the serine hydrolases are targets for marketed 

drugs, these include: β-lactamase, serine-type D-Ala-D-Ala carboxypeptidase and 

thrombin60.  Using the information from crystal structures of VP4 protease we could use 

any of the above approaches to develop anti-birnavirus compounds. 

 



 

21 

1.9. Research objectives 

1.9.1. Using X-ray crystallography to investigate birnavirus 
polyprotein processing 

VP4 protease cleaves between pVP2 and VP4 as well as between VP4 and VP3 

and the sequences of the cleavages site have been experimentally determined 25, 30, 31, 42-

25.  There are two ways that VP4 can cleave the polyprotein: intermolecularly (trans) and 

intramolecularly (cis).  In an intermolecular (trans) cleavage event, one molecule of VP4 

cleaves another polyprotein molecule.  In an intramolecular (cis) cleavage event, VP4 

cleaves the same polyprotein as the enzyme itself resides.  Residues on the P side of 

the substrate are the major determinant in substrate specificity as they interact with the 

binding groove and the specificity pockets.  In contrast, the P' side of the substrate are 

less conserved and are in general do not contribute much to substrate specificity.  The 

full-length VP4 protease (i.e. free from the polyprotein, no pVP2 or VP3 attached) 

contains residues on the P' side of the pVP2/VP4 junction at its own N-terminus and 

residues from the P side of the VP4/VP3 junction at its own C-terminus.   

1.9.1.1. Goals and potential problems.  

We would like to use X-ray crystallography to capture the structural interactions 

required for VP4 to cleave the polyprotein in both an intramolecular (cis) and in an 

intermolecular (trans) fashion.  This thesis will focus on observing the cleavage events 

near the C-terminus of VP4 (i.e. VP4/VP3 cleavage site and the internal cleavage site).   

Because the cis and trans cleavage events are potentially in competition with one 

another, producing ordered crystals might be difficult. We took advantage of the fact that 

some species of VP4 have an internal cleavage site and some species do not.  Modeling 

studies suggest that those VP4 which are truncated at the internal cleavage site (i.e. end 

at the P1 residue of the internal cleavage site) are too short to form a cis interaction, 

therefore a trans interaction would predominate.  YAV VP4 contains an internal cleavage 

site and we used both a native active site version and a construct with the lysine general 

base mutated to alanine to try to trap the trans-acyl enzyme.  The internal cleavage site 

in YAV was previously proposed based on sequence conservation but was never been 

observed45.  We will attempt to confirm this cleavage site by VP4 protein trans cleavage 
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assays and determine if the enzyme cleaved at the internal cleavage site is still active 

using VP4 protein trans cleavage assays and fluorometric peptide assays. 

Other VP4 species lack an internal cleavage site. Modeling studies suggest that 

the VP4 C-termini (i.e. ending at the P1 residue of the VP4/VP3 cleavage site) of these 

VP4 are long enough to form a cis interaction.  TV-1 VP4 protease is such an enzyme, 

and we attempted to trap it in a cis complex.  This is a very unique situation which 

favours the formation of the cis complex in that there is a very high local effective 

concentration of the product (i.e. VP4/VP3 cleavage site).  In other words, the specificity 

residues are covalently attached to the enzyme. 

   

1.9.2. Capturing different stages of the catalysis mechanism to 
help in inhibitor development.  

As mentioned earlier, many designed protease inhibitors mimic the different 

stages of the catalytic mechanism.  When designing inhibitors, it is useful to have 

structural information for each stage of the reaction mechanism.  In this project we will 

try to capture the empty active site, acyl-enzyme complex and product-enzyme complex.   

 

 



 

23 

2. Birnaviruses 

2.1. Classification 

Birnavirus derived its name from the Latin prefix “bi” meaning two and "rna" 

which highlight the bi-segmented (Segment A and B) double-stranded nature of its RNA 

genome 61.  Viruses belonging to the family Birnaviridae infect vertebrates, mollusks, 

insects and rotifers 62-69. None of the know birnaviruses infect mammals70.  However, 

birnavirus-like virions have been found in the feces of humans and animals (rats, guinea 

pigs, cattle, swine).  These viruses are termed “picobirnaviruses” as they vary in size, 

number and length of genomic segments from the true birnaviruses71.  The family of 

Birnaviridae is divided into four genera: Avibirnavirus, Entomobirnavirus, and 

Aquabirnavirus, and Blosnavirus, infecting birds, insects, aquatic organisms and 

blotched snakehead fish respectively.  A list of diseases associated with birnaviruses is 

shown in Table 2-1. 
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Virus name 
 

 
Host 

 
Disease name/Symptoms 

 
Reference 

IBDV Chicken Gumboro Disease Cosgrove 72 

TV-1 Tellina tenuis Chalkier and thinner shell, 
pale yellow digestive gland 

Buchanan 64  

IPNV Trout, 

Salmon 

Halibut 

Infectious pancreatic 
necrosis  

Moss et al. 69 

Christie et al. 68  

Biering et al. 73 

YAV Yellowtail fish Yellowtail ascites disease Hirayama et al. 62  

DXV Drosophila  Anoxia sensitivity  Teninges et al. 63  

Eel Virus  European eel skin tumour Schwanz-Pfitzner et al. 74 

 

Table 2-1.  Diseases associated with birnaviruses. 
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2.2. Virion properties 

The genome of birnavirus is enclosed in a single-shelled non-enveloped 

icosahedral (T=13) capsid of ~ 60 to 70 nm in diameter (Table 2-2) 70.  The genome is 

approximately 6 kbp in length with segment A ranges from 3.0-3.6 Kbp and 

approximately 2.7-3.2 kbp in segment B (Table 2-2) 25, 28, 30, 31, 75-79.  Segment A has two 

open reading frames (ORFs) with the largest one encoding for a polyprotein.  It consists 

of two structural proteins pVP2 and VP3 and a viral protease VP4 (Figure 2-1).  Protein 

pVP2 is further processed to yield the mature capsid VP2 and additional peptides 44, 80.  

The polyproteins of Tellina virus 1 (TV-1) and Blotched snakehead virus (BSNV) also 

code for peptide X which is located between pVP2 and VP431.  In BSNV, Drosophila X 

virus (DXV), Yellowtail ascites virus (YAV), Infectious bursal disease virus (IBDV) and 

Infectious pancreatic necrosis virus (IPNV), an alternate ORF in segment A codes for 

VP5 (Figure 2-1) 25, 81.  An internal ORF of 165 codons is also found in segment A of TV-

1 (Figure 2-1) 31. Segment B encodes a RNA-dependent RNA polymerase, VP1.    
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Figure 2-1.  The genomic arrangement of segment A in birnaviruses. 

The schematics of birnaviruse polyproteins are shown for BSNV (Uniprot accession: Q8AZM0) 25, 
DXV (Uniprot accession: Q96724) 30, IBDV (Uniprot accession: Q9WI42) 42, IPNV (Uniprot 
accession: Q703G9) 43, 44, TV-1 (Uniprot accession: Q2PBR5)31, and YAV (Uniprot accession: 
P89521)45.  The P1/P1' residues at the cleavage sites are shown above and below their 
respective junctions 31, 82.  The figure was prepared using ChemBioDraw Ultra 12.0.   
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Virus  
name 

 
Refseq 

accession  
number 

 

 
Diameter of 
capsid (nm) 

 

 
Segment A (bp) 

 
Segment B (bp) 

 
BSNV 

NC_005982.1 
NC_005983.1 
 

57  3429  2750  

IBDV NC_004178.1 
NC_004179.1 

65-70  3183  2715 

IPNV NC_001915.1 
NC_001916.1 

57-74  3097  2784 

YAV NC_004168.1 
NC_004176.1 

62-69  2976   2735  

TV-1 AJ920335.1 
AJ920336.1 

59  3579  2817  

DXV NC_004177.1 
NC_004169.1 

59  3360  3243 

 

Table 2-2.  Genome and capsid size of birnaviruses. 

The RefSeq accession numbers 67,83-86,61, 63 , and the genome length25, 75-78, 28, 30, 31,  are listed here 
for BSNV, IBDV, IPNV, YAV, TV-1 and DXV. 
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2.3. Viral life cycle 

2.3.1. Mechanism of entry 

The capsid structure of IBDV is evolutionarily related to that of rotavirus, a 

double-stranded RNA virus 87.  Rotaviruses enter the cell via endocytosis with 

dependency on cholesterol, the release of a membrane-perforating peptide, and the 

depletion of calcium ion 88-90.  Indeed, study on the cell culture adapted IBDV (caIBDV) 

which has mutations found in the capsid protein VP2, supports the notion of entry via an 

endocytotic pathway 91.  Infection by caIBDV was greatly reduced in the presence of 

drugs that sequester cholesterol (Nystatin), deplete cholesterol (Methyl-β cyclodextrin) or 

inhibit its synthesis (Progesterone) implicating the involvement of cholesterol.  In IBDV, 

calcium ion was suggested to maintain the stability within and between VP2 capsid 

trimers 27, 92, 93.  The attachment of the caIBDV was also enhanced in the presence of 

CaCl2 
91.  The primary receptor for IBDV has yet to be identified, but surface IgM from a 

chicken bursal lymphoma-derived DT40 cell line has been identified as a putative 

receptor that supported cell surface attachment94.  The endocytosis was demonstrated 

to involve vacuolar H+ ATPase (V-ATPase) positive vesicles by using bafilomycin A1, an 

inhibitor of V-ATPase, which abrogated the entry of caIDBV 91.  V-ATPase mediates the 

efflux of calcium ion into the cytosol thereby lowering the endosomal calcium 

concentration.  The low calcium environment of the endosome was suggested to trigger 

the release of pep46 (residues 442-487 of the polyprotein), a maturation product of 

pVP2, from the viral particle 27.  This amphipathic peptide was shown to deforms and 

induce pores on synthetic membranes.  Thus it was proposed to aid in virus penetration 

into the cytosol.  

2.3.2. Viral assembly 

A study on the morphogenesis of IPNV throughout its infective cycle in Chinook 

salmon embryo (CHSE)-214 cells revealed that two forms of viral particles exist 70.  The 

earliest particle is the pro-virion with the capsid composed of both mature and immature 

viral polypeptides.  It is non-icosahedral, non-infectious and is 65-68 nm in diameter.   

The polyprotein and pVP2 were found to associate with the pro-virions.  Maturation 

occurs when most of the remaining viral precursors within the capsid undergo proteolytic 
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cleavage.  In IBDV, at least three of these pVP2-dervied peptides remained associated 

with the virion as detected using mass spectrometry and N-terminal sequencing 

methods42.  Investigations of IBDV also suggests that the maturation of pVP2 to VP2 is 

driven by the initial preassembly of the premature virions 80.  The mature viral particle 

becomes icosahedral, more compact (60 nm in diameter) and infectious.     

2.4. Examples of birnaviruses 

2.4.1. Causative agent of Gumboro disease – Infectious bursal 
disease virus (IBDV) 

Infectious bursal disease virus (IBDV) is an avibirnavirus that attacks the bursa of 

Fabricius, an important lymphoid organ of chicken 95, 95.  It was initially referred to as 

avian nephrosis and was first reported by Cosgrove in 1962 in Gumboro, Delaware of 

USA, hence its other name Gumboro disease 72.  The disease is highly contiguous as it 

can spread readily by direct contact as well as through contaminated water and feed96.  

In addition, the contaminated building remained infectious after 122 days.  Antibodies 

against IBDV were isolated in emperor penguin chicks and adult Adélie penguins in the 

Antarctic as well as wild birds in Japan (e.g. peregrine falcon, jungle crow, and European 

widgeon) 97, 98.  The virus has also been isolated from turkey99. IBDV displays tropism for 

dividing pre-B lymphocytes in the bursa of Fabricius in chicken 95, 95.  Chicks 3-6 weeks 

of age are the most vulnerable to the disease as the bursa of Fabricius is at its maximal 

stage of development.  However, signs of the disease are rarely developed in birds older 

than 6 weeks.  Clinical signs of the disease include distress, depression, ruffled feathers, 

anorexia, diarrhea, trembling, and dehydration which usually lead to substantial 

mortality100.  The surviving birds may become immunosuppressed which increase their 

susceptibility to secondary infections and interfere with vaccinations against other 

viruses (e.g. Newcastle virus, Marek’s disease and infectious bronchitis) 101.  Serotype 1 

of IBDV is pathogenic and is divided into three antigenic subgroups categorized 

according to their virulence: 1) classic (0% mortality) ; 2) variant (10-50% mortality); and 

3) very virulent (50-100% mortality)71,101 .  In contrast, Serotype 2 of IBDV is non-

pathogenic. The genomic arrangement in segment A and a list of IBDV polyprotein 

cleavage sites are shown in Figure 2-2.   
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Figure 2-2.  The genomic arrangement of segment A and a list of polyprotein 
cleavage sites in IBDV. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions.  B) A list of known polyprotein cleavage sites 1, 42.   

  

pVP2 
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2.4.2. Anoxia sensitivity inducing birnavirus – Drosophila X virus 
(DXV) 

Drosophila X virus (DXV) is an Entomobirnavirus that induces anoxia sensitivity 

and death in Drosophila Melanogaster (D. Melanogaster) 61, 63.  It was first isolated and 

characterized by Teninges et al. in 1979 as a contaminant from the uninfected control 

passage of D. Melanogaster during a study on sigma virus, an rhabdovirus known to 

induce CO2 sensitivity in Drosophila 63, 102.  Upon examination under the negative 

contrast electron microscopy, Teninges et al. observed no rhabdoviruses but instead 

found large icosahedral particles showing similar morphological features to IPNV, IBDV 

and TV-1 63.  In these infected dead files, viral particles were detected in the cytoplasm 

of the digestive tract, brain, thorax, muscles, ovaries, testis and Malpighian tubules.  The 

virus can be transmitted via contact as uninfected files became infected after 

cohabitation with the infected ones.  DXV was also detected in Culicoides species 103. 

Injection of DXV resulted in CO2 sensitivity and death in files.  Death also occurred after 

exposure to nitrogen for 15 min at 12°C in the infected flies.  Thus, Teninges et al. 

assumed that the absence of oxygen caused death in these infected flies and termed 

this symptom "anoxia sensitivity".  The genomic arrangement in segment A and a list of 

DXV polyprotein cleavage sites are shown in Figure 2-3.   
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Figure 2-3.  The genomic arrangement of segment A and a list of polyprotein 
cleavage sites in DXV. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions. B) A list of proposed and known cleavage sites in DXV 30. 

 

 

 

 

 

  

 



 

33 

2.4.3. Causative agent of infectious pancreatic necrosis – 
Infectious pancreatic necrosis virus (IPNV) 

Aquabirnavirus infectious pancreatic necrosis virus (IPNV) is highly contagious 

and causes infectious pancreatic necrosis in salmonid fish with mortality rate ranges 

from 10 to 90% 71.  It was first described by M'Gonigle in 1940 as acute catarrhal 

enteritis in salmonid fingerlings 104.  The disease was later renamed to infectious 

pancreatic necrosis (IPN) by Wood et al. in 1955 105.  High concentration of IPNV was 

detected in the water during outbreaks of IPN and feces of carrier brook trouts 106-108. 

Germ-line (vertical) transmissions have also been reported in brook trout and rainbow 

trout possibly via the ovarian or seminal fluids 109, 110.  The disease tends to affect trout 

fingerlings shortly after they start feeding in freshwater and Atlantic salmon smolts after 

they transfer to sea water cages 71.  The infection becomes subclinical as the age of the 

fish increases but might persist over the lifetime of the fish.  Symptoms of the disease 

include necrosis of acinar cells in the pancreas, abdomen swelling, mild to moderate 

bilateral exophthalmos, pale gills, cutaneous haemorrhages and swimming in a frantic 

corkscrew fashion.  The polyprotein cleavage sites of IPNV can be described by the 

consensus motif of (Ser/Thr)-X-Ala↓(Ala/Ser) with the exception of the internal junction 

(Gln-Arg-Ala↓Lys) and between amino acid 442 and 443 (Ser-Lys-Ala↓Trp) (Figure 2-

4).  The genomic arrangement in segment A and a list of IPNV polyprotein cleavage 

sites are shown in Figure 2-4.   
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Figure 2-4.  The genomic arrangement of segment A and a list of polyprotein 
cleavage sites in IPNV. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions. B) A list of known polyprotein cleavage sites in IPNV  43, 44.   
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2.4.4. A birnavirus isolated from bivalve mollusk – Tellina virus 1 
(TV-1) 

Tellina virus 1 (TV-1) was first described by Buchanan in 1973 who noticed a 

group of sand dwelling bivalve mollusks Tellina tenuis with thinner and chalkier shells64. 

The digestive glands of these mollusks were pale yellow instead of the usual dark 

brown. Further examination revealed a high proportion of the cells in the digestive gland, 

which produce the shell precursor material, were necrotic and harboured membrane-

bound inclusion bodies with icosahedral viral particles of ~70nm in diameter.  Similar 

viral particles were absent in the apparently healthy population.  The virus was later 

isolated and characterized by Hill in 1976 111.  TV-1 was shown to be antigenically 

distant from BSNV, IPNV, DXV and IBDV through cross-neutralization assays67, 86, 112.  It 

expresses a non-structural polypeptide, X, between pVP2 and VP4 which is also found 

in BSNV 113 .  Segment A of TV-1 VP4 codes for a polyprotein of 1114 amino acids. The 

self-encoded VP4 protease cleaves after amino acid residue positions 512, 618, and 830 

to yield capsid precursor protein pVP2, peptide X, VP4 itself and VP3 (Figure 2-5) 31. 

The cleavage sites identified can be described by the consensus motif Ala-X-Ala↓Ala 

with the exceptions of the VP2/p1 and p3/X junctions 31.  The genomic arrangement in 

segment A and a list of polyprotein cleavage sites in TV-1 are shown in Figure 2-5.   
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Figure 2-5.  The genomic arrangement of segment A and a list of polyprotein 
cleavage sites in TV-1. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions. B) A list of proposed and known cleavage sites in TV-1 31.   
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2.4.5. An ascites causing birnavirus – Yellowtail ascites virus 
(YAV) 

In early summer of 1983, Sorimachi et al. reported ascites among yellowtail 

fingerlings in a farm in the Seto Inland Sea of Japan 85.  The causative agent was later 

identified to be Yellowtail ascites virus (YAV).  YAV and YAV-like viruses are members 

of marine birnavirus (MABV) which infects both fish and shellfish 114.  YAV infection 

leads to ascites in yellowtail fish (Seriola quinqueradiata), which is popular in sushi, thus 

causing significant losses to the fish-farming industry 62.  YAV-like viruses have been 

isolated from many fish species including Japanese flounder (Paralichthys olivaceus), 

red sea bream (Pagrus major) and tiger puffer (Takifugu rubripes)  85, 115-117 .  MABV 

infections have been reported in shellfishes jack knife clam (Sinonovacura constricta) 

and Japanese pearl oyster (Pinctada fucata) 118-120.  Segment A of YAV codes for a 

polyprotein of 972 amino acids. The self-encoded VP4 protease cleaves at the C-

terminal side of resides 508 and 734 to yield pVP2, VP4 and VP3 45 (Figure 2-6).  The 

cleavage sites at the pVP2/VP4 and VP4/VP3 junctions can be described by the 

consensus (Ser/Thr)-X-Ala↓Ser (Figure 2-6)45.  Previous site-directed mutagenesis 

studies have identified Lys674 as the general base but failed to confirm Ser633 as the 

nucleophile.  An internal cleavage site is found within the VP4 region of IPNV, and since 

the sequence identify of Segment A between IPNV and YAV is high (~ 90%), an internal 

cleavage site was proposed at equivalent sites in YAV.  However, the existence of the 

site was not confirmed.  The genomic arrangement in segment A and a list of proposed 

and known YAV polyprotein cleavage sites are shown in Figure 2-6.   
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Figure 2-6.  The genomic arrangement of segment A and a list of polyprotein 
cleavage sites in YAV. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions. B) A list of proposed and known polyprotein cleavage sites in YAV 45.   
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2.4.6. A birnavirus isolated from a cell line originated from an 
apparently healthy carrier fish – Blotched snakehead virus 
(BSNV) 

In 1999, John et al. characterized a virus isolated from a warm-water fish cell line 

developed from the caudal peduncle of blotched snakehead fish (Channa lucius) and 

was given the name blotched snakehead virus (BSNV) 67.  BSNV is the type species of 

genus Blosnavirus belonging to the family Birnavirdae 25.  It infects blotched snakehead 

fishes found in peat swamps and forest streams of South-east Asia and are being sold in 

live fish market and aquarium fish trade 121, 122.  They feed on fishes, prawns, crabs and 

occasionally shrimps123.  Its head resembles that of a snake with large canine teeth and 

scales on the gular region of the head.  Its body is elongated and cylindrical with dark 

blotches.  Segment A of BSNV codes for a polyprotein of 1069 amino acids (Figure 1-1, 

2-7)25.  All of the polyprotein cleavage sites can be described by the Pro-X-

Ala↓(Ala/Ser) motif (Figure 2-7) with the exception of the VP4-VP3 junction (Cys-Gly-

Ala↓Ala) and between amino acid 417 and 418 (Ala-Gly-Ala↓Phe).  The genomic 

arrangement in segment A and a list of proposed and known polyprotein cleavage sites 

in BSNV are shown in Figure 2-7.   
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Figure 2-7.  The genomic arrangement of segment A and a list of polyprotein     
cleavage sites in BSNV. 

The genomic arrangement of segment A is shown in A) with the amino acid positions labeled at 
the cleavage junctions. B) A list of proposed and known polyprotein cleavage sites in BSNV 25.   
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2.5. Protein in birnaviruses 

2.5.1. Viral protein 1 (VP1) 

2.5.1.1. Structure 

The VP1 of IBDV (Figure 2-8) consists of three domains made up of 37 helices 

(24 α-helices and 12 310 helices) and 17 β-strands124.  On one side of the catalytic cleft, 

residues 1-168 form the N-terminal domain (Figure 2-8, red) which serves to bridge the 

finger and thumb domains.  The classical "fingers", "palm", and "thumb" subdomains are 

found in the central polymerase domain (Figure 2-8, blue) consisting of residues 169-

657. The C-terminal domain (residue 658-845, Figure 2-8, yellow) assumes the shape 

of a horseshoe and is located on the opposite side of the catalytic cleft where it bridges 

the fingers and palm domains.   A protrusion (Figure 2-8, orange) formed by α19, η10, 

and η11 of the C-terminal domain partially blocks the active site cleft.   Its location is 

reminiscent of the C-terminal initiation platforms found in bacteriophage φ6 and hepatitis 

C virus RDRPs 125, 126.  The central polymerase domain shares similar overall 

architecture with those found in positive-strand RNA picorna- and caliciviruses.  

Comparison with other RDRPs revealed a permutation of the sequence motifs A, B and 

C in IBDV where the motif is found in the order of C-A-B instead of the usual A-B-C 124.  

In the active site, two Mg2+ bind to Asp402 of motif C, and Asp416 and Glu-421 of motif 

A where the catalytic metal ions are expected to bind (Figure 2-8, magenta).  In the 

absence of VP3, the B loop (residues 483-490, Figure 2-8, green) protrudes into the 

active site cleft preventing the binding of the template and incoming nucleotides.   

However, the B loop is displaced from its initial position in the complex structure of VP1 

and peptide GRLGRWIRTVSDEDLE which corresponds to the VP1-binding domain of 

VP3.  Equivalent loops are found in polymerases of foot-and-mouth disease virus 

(FMDV) and bacteriophage φ6.  Pre-incubation of VP1 with VP3 or VP3 C-terminal 

peptide enhanced the replication of IBDV-derived ssRNA+ template in a concentration 

dependent manner.  A list of VP1 features, PDBs, sequence comparison, and sequence 

alignment can be found in Tables 2-3, 2-4 and Figure 2-9.    
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PDB	  Code	   Resolution(Å) UniProt	  accession	  number	   Reference	  

2R70	   2.7	   Q826293	   Garriga	  et	  al.124	  

 

Figure 2-8.  Structure of IBDV VP1. 

The central polymerase domain (blue) houses the classical "fingers", "palm", and "thumb" 
subdomains 124.  It is flanked by the N-terminal domain (red) and the C-terminal domain (Yellow).   
Other key features of this polymerase are highlighted in colour:  the B-loop (green), magnesium 
binding active site residues (Asp 402, Asp416 and Glu421, magenta) and a protrusion formed by 
α19, η10, and η11 (orange).  Figure was prepared using Pymol35.  



 

43 

2.5.1.2. Self-priming activity 

The transcription of IPNV occurs in the cytoplasm using a semi-conservative and 

strand-displacement mechanism127, 128.  Unlike other dsRNA viruses, the RNA synthesis 

in birnavirus is initiated using a protein primer 129.  The protein-priming function is 

achieved by the self-guanylylation of VP1 and its mechanism was studied using IPNV 130, 

131.  The guanylyalation site was mapped to the N-terminal domain and is independent of 

its polymerase activity as the essential active site mutants remained self-guanylylation 

competent.  At initiation, the hydroxyl group of tyrosine or serine residues in the protein-

primer molecule becomes covalently attached to the α-phosphate of a guanosine 

monophosphate (GMP) moiety via a phosphodiester bond76, 131-133.  This allows for 

further guanylylation to yield VP1-GG which was proposed to bind to the -CC sequence 

on viral RNA template at the 3' end 131, 134.  Consequentially, VP1 is linked to the genome 

(VPg). The RNA-dependent RNA polymerase (RDRP) can also exist as both a free 

polypeptide (VP1) 127.  
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Virus 
name 

 

 
UniProt 

accession 
number 

 
Sequence 

length 
(AA.) 

 

 
Size 

(KDa) 

 
pI 

 
PDB ID 

 
Reference 

BSNV Q8AZL8 867 96.8 6.79  Da Costa et al.25 

IPNV P22173 845 94.5 6.14 

1)2YI8 135 
2)2YI9 135 
3)2YIA 135 
4)2YIB 135 

Duncan et al.78 

YAV Q8BAD4 845 94.4 5.86  Zhang et al.79 

IBDV Q9Q6Q5 881 97.9 8.34 

1)2PGG 137 
2)2QJ1 
(to be 
published, 
Garriga et al.), 
3)2R72 124 
4)2R70 124 
5)2PUS 124 

Boot et al. 3 

DXV Q91CD5 997 112.8 8.44  Shwed et al.76 

TV-1 Q2PBR4 894 99.5 6.65  Nobiron et al.31 

 

Table 2-3.  Table of features for VP1. 

The sequences were obtained from UniProt.  Values for sequence length, size and pI were 
calculated using ProtParam 22, 23. 

  



 

45 

	  	  Identity(%)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  similarity(%)	  
	  

BSNV	  
	  

IPNV	  
	  

YAV	  
	  

IBDV	  
	  

DXV	  

IPNV	   46.4/58.6	   	   	   	   	  
YAV	   46.3/58.0	   95.7/98.1	   	   	   	  
IBDV	   49.1/60.3	   44.9/58.9	   44.8/58.7	   	   	  
DXV	   25.5/35.6	   25.0/35.0	   24.3/34.7	   25.5/35.9	   	  
TV-‐1	   29.1/41.4	   28.9/40.7	   28.7/40.6	   29.3/40.8	   21.4/32.7	  

 

Table 2-4.  Sequence identity and similarity between different VP1s. 

The protein sequence alignment was generated using ClustalW 32 and the sequence identities 
and similarities were calculated using the sequences identities and similarities webserver 
(URL:http://imed.med.ucm.es/Tools/sias.html) using the following equation:  

%  identity  or  similarity   = 100   !"#$%&'()  !"#$%$"&#
!"#$%&  !"  !"#  !"#$%&'%(  
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Figure 2-9.  Protein sequence alignment of VP1(Part I). 
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Figure 2-9.  Protein sequence alignment of VP1(Part II).  

The protein alignment was done using ClustalW 32 and graphical output was generated using 
ESPript 33.  Residues that are conserved are shown as white text highlighted in red and semi-
conserved residues are shown as red text in blue boxes. 
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2.5.2. Viral protein 2 (VP2) 

2.5.2.1. Structure 

Each monomer of VP2 (Figure 2-10) composes of three domains and three of 

the monomers come together to form the basic building block of the capsid (Figure 2-

11) 87, 92.  Three α -helices comes together to form the base (B) domain (red) (Figure 2-

10).  A "Swiss roll" β-barrel (residues 35-173 and 348-376) stacks on top of the B 

domain to form the shell (S) domain (blue).  The protrusion (P) domain (green) position 

roughly perpendicular to the S domain where yet another "Swiss roll" β-barrel  (residue 

202-341) is found.  A list of VP2 features, PDBs, sequence comparison, and sequence 

alignment can be found in Tables 2-5, 2-6 and Figure 2-12.   
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  number	   Reference	  

1WCD	   3.0	   P15480	  144	   Coulibaly	  et	  al.	  87	  

 

Figure 2-10.  Structure of IBDV VP2 monomer. 

VP2 consists of three domain: the protrusion domain (P, green), the shell domain (S, blue) and 
the base domain (B, red)87.  Figure was prepared using Pymol35.  
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2.5.2.2. Capsid particle and pVP2 processing 

The T=13 icosahedral capsid (Figure 2-11) of birnavirus composes of VP2 

(Figure 2-10) 92.  However, when IBDV VP2 was expressed alone in insect cells, it 

formed dodecahedral T-1 particles 83.  Expression of IBDV polyprotein (pVP2-VP4-VP3) 

in a baculovirus system resulted in the formation of pVP2 (a precursor of VP2) tubules, 

but very few virus-like particles (VLPs) were detected 80.   In contrast, expression of the 

polyprotein with a green fluorescent protein (GFP) fused to the C-terminus of VP3 led to 

self-assembly of VLPs.  These VLPs showed the same diameter and apparent geometry 

as the virions in addition to pVP2 processing.  The presence of GFP was suggested to 

mimic the interaction with VP1.  The pVP2 tubules mentioned above are likely to be 

homologous to the type I tubules which are also consist of pVP2 and were detected in 

birnavirus infected cells 63, 74, 138-141.  Mass spectrometry and N-terminal sequencing on 

purified IBDV virions revealed the presence of four small peptides (residues 442-487, 

488-494, 495-501, 502-512) derived from pVP2 (residues 1 -512) processing 42.  Three 

of these peptides (442-487, 488-494, 502-512) were found to associated with the virion 

and two of which (442-487, 502-512) are essential for virus viability.  In IBDV, the 

cleavage at position 441 which generates the matured VP2 capsid protein was mediated 

by the autoproteolytic activity of pVP2 2.  
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  number	   Reference	  

1WCE	   7.0	   P15480	  144	   Coulibaly	  et	  al.	  87	  

 

Figure 2-11.  Structure of T13 IBDV viral particle formed by trimers of VP2. 

A) A space filling model of VP2 trimer.  Three molecules (orange, dark blue, purplish blue) of VP2 
come together to form a trimer, the basic building blocking for the capsid 87.  B) Each monomer in 
the asymmetric unit is shown in a different colour and is shown using a space filling model.  A 
single trimer is highlight with a white outline.  Figure was prepared using Pymol 35 and Jmol 
Version 12.2.15142. 
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Virus 
name 

 

 
UniProt 

accession 
number 

 
Sequence 

length 
(AA.) 

 

 
Size 

(KDa) 

 
pI 

 
PDB ID 

 
Reference 

BSNV Q8AZM0 486 51.7 8.29  Da Costa et al.25 

IPNV Q703G9 508 55.7 5.64 3IDE 148 Galloux et al.27 

YAV P89521 508 55.7 5.63  Suzuki et al.28 

IBDV P15480 512 54.4 5.50 

1)1WCD 87 
2)1WCE 87 
3)2DF7 92 
4)2GSY 93 
5)2IMU 
(To be publish, 
Galloux et al.), 
6) 3FBM 2 

Spies et al. 144 

DXV Q96724 500 54.2 5.14  Chung et al.30 

TV-1 Q2PBR5 512 54.6 6.68  Nobiron et al. 31 

 

Table 2-5.  Table of features for pVP2.  

The sequences were obtained from UniProt.  Values for sequence length, size and pI were 
calculated using ProtParam 22, 23. 
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	  	  Identity(%)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Similarity(%)	  
BSNV	   IPNV	   YAV	   IBDV	   DXV	  

IPNV	   39.7/52.5	   	   	   	   	  
YAV	   38.8/51.7	   90.2/93.5	   	   	   	  
IBDV	   46.6/58.7	   41.0/55.0	   41.8/53.6	   	   	  
DXV	   35.4/49.2	   31.1/47.9	   31.1/47.5	   33.5/50.2	   	  
TV-‐1	   36.9/50.5	   31.2/44.0	   31.0/44.4	   33.8/50.9	   30.0/44.5	  

 

Table 2-6.  Sequence identity and similarity between different pVP2s. 

The protein sequence alignment was generated using ClustalW 32 and the sequence identities 
and similarities were calculated using the sequences identities and similarities webserver 
(URL:http://imed.med.ucm.es/Tools/sias.html) using the following equation:  

%  identity  or  similarity   = 100   !"#$%&'()  !"#$%$"&#
!"#$%&  !"  !"#  !"#$%&'%(  
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Figure 2-12.  Sequence alignment of pVP2. 
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Figure 2-12.  Protein sequence alignment of pVP2 (Continued from last page). 

The protein alignment was done using ClustalW32 and graphical output was generated using 
ESPript 33.  Residues that are conserved are shown as white text highlighted in red and semi-
conserved residues are shown as red text in blue boxes. 

2.5.3. Viral protein 3 (VP3) 

The dimeric structure of IBDV VP3 (Figure 2-13) was solved by Casanas et al. in 

2008. Dimerization was also detected using chromatographic and analytical 

sedimentation equilibrium ultracentrifugation methods 34.  Previous studies have 

demonstrated that oligomerization of VP3 is important for proper capsid assembly in 

IBDV145.   It has been suggested that VP3 dimers associate to form this higher 

oligomeric state 34.   The oligomerization domain has been mapped to a 24-amino-acid 

long region (residues 224-247) near the C-terminus which overlaps partially with the VP1 

RNA polymerase binding domain 145.  However, VP3 variants lacking this region still form 

dimers suggesting that other regions on the protein is responsible for dimerization 34.  

Protein VP3 consists exclusively of α helices connected by loops and is divided into two 

structural domains.  Domain one consists of α helices 1-3 (α 1-3, Figure 2-13A, pink) 

and is connected to domain two (α 4-6, Figure 2-13A, red) by a long hinge region 

(Figure 2-13A, yellow).  The overall tertiary structure is maintained mostly by 

hydrophobic interactions and the residues involved are conserved among birnaviruses. 

The second domain of VP3 shares structural homology with transcription factors sigma 

factor σ70 of Thermus themophilus (PDB:1IW7) 146 and Set2 SRI domain (PDB:2C5Z) 
147.  Indeed, the C-terminal tail of VP3 in IBDV has been shown to remove structural 

blockage in the active site of VP1, the self-encoded RNA polymerase 124.  In addition, 

VP3 of IBDV aids in capsid assembly by 1) providing a scaffold for capsid polypeptide 

assembly145, 2) recruiting RNA-dependent RNA polymerase (VP1) into the capsid148, and 

3) interacting with the dsRNA genome149, 150.  A list of VP3 features, PDBs, sequence 

comparison, and sequence alignment can be found in Tables 2-7, 2-8 and Figure 2-14.   
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PDB	  Code	   Resolution(Å)	   UniProt	  accession	  number	   Reference	  

2R18	   2.3	   P25220	  29	   Casanas	  et	  al.	  34	  

 
Figure 2-13.  Structure of VP3 in IBDV. 

A) Each monomer of IBDV VP3 consists of two domains34.   Alpha-helices 1-3 forms domain one 
(α 1-3, pink)  and is followed by a long and flexible hinge region(yellow) that connects it to 
domain two which made up of α -helices 4-6 (α 4-6, red).  B) The dimeric structure of IBDV VP3 
with one monomer shown in red and the other in blue.  Figure was prepared using Pymol35.  
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Virus 
Name 

 

 
UniProt 

accession 
number 

 
Sequence 

length 
(AA.) 

 

 
Size 

(KDa) 

 
pI 

 
PDB ID 

 
Reference 

BSNV Q8AZM0 278 30.9 5.78  Da Costa et al. 25 

IPNV Q703G9 238 27.0 6.54  Galloux et al. 27 

YAV P89521 238 27.0 8.61  Suzuki et al. 28 

IBDV P25220 257 28.8 6.05 1)2R18 34 
2)2Z7J 34 Bayliss et al. 29 

DXV Q96724 309 35.4 6.64  Chung et al.30 

TV-1 Q2PBR5 284 31.7 6.15  Nobiron et al. 31 

 

Table 2-7.  Table of features for VP3. 

The sequences were obtained from UniProt.  Values for sequence length, size and pI were 
calculated using ProtParam 22, 23

. 
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	  	  Identity(%)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Similarity(%)	  
BSNV	   IPNV	   YAV	   IBDV	   DXV	  

IPNV	   30.1/39.7	   	   	   	   	  
YAV	   30.1/39.7	   80.3/88.7	   	   	   	  
IBDV	   33.1/41.5	   32.3/42.4	   31.1/42.8	   	   	  
DXV	   16.2/29.1	   12.3/23.3	   12.3/21.4	   14.2/27.2	   	  
TV-‐1	   20.1/29.4	   17.2/26.8	   18.9/28.9	   18.6/25.8	   16.4/27.0	  

 

Table 2-8.  Sequence identity and similarity between different VP3s. 

The protein sequence alignment was generated using ClustalW 32 and the sequence identities 
and similarities were calculated using the sequences identities and similarities webserver 
(URL:http://imed.med.ucm.es/Tools/sias.html) using the following equation:  

%  identity  or  similarity   = 100   !"#$%&'()  !"#$%$"&#
!"#$%&  !"  !"#  !"#$%&'%(
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Figure 2-14.  Protein sequence alignment of VP3. 

The protein sequence alignment was done using ClustalW32 and graphical output was generated 
using ESPript33.  Residues that are conserved are shown as white text highlighted in red and 
semi-conserved residues are shown as red text in blue boxes. 

 

2.5.4. Viral protein 4 (VP4) 

Please refer to chapter 1 section 1.1 to 1.5 for description of VP4s. 
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2.5.5. Viral protein 5 (VP5) 

An alternate ORF in segment A codes for VP5 in IPNV, IBDV, BSNV, DXV and 

YAV.  Although they are named VP5, their amino acid sequence varies greatly (Table 2-

9, Figure 2-15).  The functions of VP5 in IPNV and IBDV have been characterized but 

VP5 from other members are yet to be determined.  A list of VP5 features, PDBs, 

sequence comparison, and sequence alignment can be found in Tables 2-9, 2-10 and 

Figure 2-15.   

 

2.5.5.1. IPNV VP5 

Protein VP5 in IPNV is a 17KDa anti-apoptotic protein 81.  Protein VP5 was able 

to prevent cell death caused by UV irradiation in CHSE cells. Consistent with this 

observation, VP5 was shown to enhance or maintain the functional half-life of survival 

factor Mcl-1 and control the expression of certain viral protein early in the replication 

cycle in CHSE cells.  It contains four Bcl-2 homology (BH) domains (BH1-4) which were 

first identified on a membrane protein found in follicular lymphomas suffering from a 

t(14;18) chromosomal translocation 151.  Members of the Bcl-2 family can either promote 

or inhibit apoptosis via the intrinsic apoptosis pathway 152, 153.  Upon receiving a apoptotic 

stimulus, the pro-apoptotic BH3-only members (Bid, bad, and bim) interact with the anti-

apoptotic members (Bcl-2, Bcl-XL) and neutralize their effects 154.  This triggers the 

oligomerization of multi-domain pro-apoptotic members (Bax/Bak) which permeabilize 

and form pores or voltage-dependent anion channel on the outer mitochondrial 

membrane causing the efflux of various apoptotic mediators.  One of these mediators is 

cytochrome c, its release leads to the formation of apoptosome which activates the 

caspase protease cascade for apoptosis.   
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2.5.5.2. IBDV VP5 

VP5 in IBDV is a highly basic protein of 17 KDa and is rich in cysteines 155. The 

VP5 of IBDV was shown to interact with the voltage-dependent anion channel 2 

(VDAC2) in the mitochondria to induce apoptosis in DF-1 (immortal chicken embryo 

fibroblast) cells 155.  Unlike the VP5 of IPNV, VP5 of IBDV lacks a Bcl-2 domain but 

instead carries a PEST motif 156.  This motif is rich in proline[P], glutamic acid[E], serine 

[S], and threonine[T] and is predominately found on short-lived proteins that are being 

targeted to the ubiquitin protein degradation pathway 157.  Interestingly, the anti-apoptotic 

Bcl-2 protein (Bcl-XL) was also shown to close VDAC on liposomes whereas the 

opposite is true for the pro-apoptotic Bcl-2 proteins (Bax and Bak) 158.   The opening of 

VDACs allows for the efflux of cytochrome c, a major apoptosis mediator.  Indeed, the 

apoptosis induced by IBDV VP5 was shown to be accompanied by the release of 

cytochrome c 155, 159  
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Virus 
name 

 
UniProt 

accession 
number 

 

 
Sequence 

length 
(AA.) 

 
Size 

(KDa) 

 
pI 

 
Reference 

BSNV Q8AZL9 139 15.3 10.6 Da Costa et al. 25 

DXV P0C748 237 27.1 10.5 Chung et al. 30 

IPNV Q8JK01 148 17.5 10.3 Cutrin et al. 160 

YAV Q7T402 133 15.6 9.6 Suzuki et al. 28 

IBDV P0C751 145 16.5 6.8 Lombardo et al. 161 

 

Table 2-9.  Table of features for VP5. 

The sequences were obtained from UniProt.  Values for sequence length, size and pI were 
calculated using ProtParam 22, 23. 

	  	  Identity(%)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Similarity(%)	  
BSNV	   DXV	   IPNV	   YAV	  

DXV	   10.5/19.0	   	   	   	  
IPNV	   16.2/29.2	   11.8/18.6	   	   	  
YAV	   11.3/21.8	   11.4/17.3	   75.0/80.4	   	  
IBDV	   12.3/21.9	   11.4/21.1	   23.7/34.9	   24.7/34.9	  

 

Table 2-10.  Sequence identity and similarity between different VP5s. 

The protein sequence alignment was generated using ClustalW 32 and the sequence identities 
and similarities were calculated using the sequences identities and similarities webserver 
(URL:http://imed.med.ucm.es/Tools/sias.html) using the following equation:  

%  𝒊𝒅𝒆𝒏𝒕𝒊𝒕𝒚  𝒐𝒓  𝒔𝒊𝒎𝒊𝒍𝒂𝒓𝒊𝒕𝒚   = 𝟏𝟎𝟎   𝑰𝒅𝒆𝒏𝒕𝒊𝒄𝒂𝒍  𝒑𝒐𝒔𝒊𝒕𝒊𝒐𝒏𝒔
𝑳𝒆𝒏𝒈𝒕𝒉  𝒐𝒇  𝒕𝒉𝒆  𝒂𝒍𝒊𝒈𝒏𝒎𝒆𝒏𝒕   
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Figure 2-15.  Protein sequence alignment of VP5. 

The protein sequence alignment was done using ClustalW32 and graphical output was generated 
using ESPript33. Residues that are conserved are shown as white text highlighted in red and 
semi-conserved residues are shown as red text in blue boxes. 
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3. Crystal structure of a viral protease 
intramolecular acyl-enzyme complex - 
insights into cis-cleavage at the VP4/VP3 
junction of Tellina birnavirus. 

 

The materials in this chapter were published in the Journal of Molecular Biology, 

Acta Crytallographica and a book chapter.  The references are provided below.   

 

1) Crystal structure of a viral protease intramolecular acyl-enzyme 

complex. Insights into cis-cleavage at the VP4/VP3 junction of 

Tellina birnavirus. 

Chung, I.Y. & Paetzel, M. 

J. Biol. Chem. 286, 12475-12482 (2011) 

2) Expression, purification and crystallization of VP4 protease from 

Tellina virus 1. 

Chung, I.Y. & Paetzel, M. 

Acta Crystallographica F 67, 157-160 (2011) 

3) Tellina virus 1 VP4 peptidase. 

Chung, I.Y. & Paetzel, M. 

Handbook of Proteolytic Enzymes 3nd Edition Elsevier Ltd. ISBN 978-0-

12-382219-2 Chapter 780, pages: 3525-3529 (2012) 
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3.1. Introduction 

As mentioned in chapter 1.3, TV-1 VP4 is more divergent from the rest of the 

birnavirus VP4s.  Thus, a crystal structure of Tellina virus VP4 will give us a better 

picture of what structural features are being conserved. Another interesting question is 

how VP4 protease can cleave intramolecularly.  A VP4 construct with an intact C-

terminus might give us the answer.  However, previous attempts failed to crystallize the 

full-length BSNV VP4 whereas IPNV VP4 has an internal cleavage site near the C-

terminus and formed intermolecular acyl-enzyme complexes at this site.  TV-1 VP4 was 

the next good candidate as the full-length construct expressed as a soluble protein and 

its C-terminus is long enough to reach its own serine nucleophile.    

3.2. Materials and methods 

3.2.1. Cloning  

The DNA region encoding full-length TV-1 VP4 (Residue 619-830, Swiss-Prot 

accession number Q2PBR5) was first amplified by polymerase chain reaction (PCR) 

using Vent DNA polymerase (New England Biolab).  The forward primer has the 

sequence 5’AGGCCCATATGGCCGACAGGCCCATGATC3’and the reverse primer has 

the sequence 5’ CTTGTGAAGGCGGCCGCTCATGCTTGCGCCACGTTCTTTCCG 

GAGGAGAA3’.  The restriction enzyme digested PCR product was then cloned into 

restriction sites NdeI and NotI of plasmid pET28b+. This allowed for the incorporation of 

an amino-terminal histidine-tag when the recombinant protein was expressed.  The 

plasmid was then transformed into NovaBlue cells (Novagen) for plasmid isolation.   The 

sequence of the DNA insert was verified by DNA sequencing.  The N-terminus of the 

expressed protein has an extra twenty-one amino acids (MGSSHHHHHHSSGLVPR 

GSHM) that includes the 6x histidine-affinity tag and the linker regions.  The theoretical 

molecular mass for this construct is 24,745 (233 amino acids, theoretical pI: 9.9). 

3.2.2. Protein purification 

Cells for over-expression were made by transforming the plasmids into 

Escherichia coli strain Tuner (DE3) followed by selection on LB plates with 0.05 mg/mL 
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kanamycin.   For over-expression, a cell pellet from 100 mL of overnight culture grown in 

LB media supplemented with 0.05 mg/ml of kanamycin was used to inoculate each liter 

of M9 Minimal media. Four liters of cultures were grown.  After shaking at 37oC for 8 

hours, a mixture of L-amino acids (100 mg of lysine, phenylalanine, and threonine; 50 

mg of isoleucine, leucine, and valine) and 60 mg of selenomethionine were added to 

each liter of culture.  Each liter of the culture was induced with 0.5 mL of 1M Isopropyl β-

D-1-thiogalactopyranoside (IPTG) after 15 minutes.   The induced cultures were allowed 

to grow overnight at 25oC and were then harvested by centrifugation at 9,110 mg for 7 

minutes.  The cell pellet was stored at -80oC for 15 minute to facilitate cell lysis.  The 

frozen cell pellet was re-suspended in lysis buffer (50 mM Tris-HCl pH 8.0, 10% glycerol, 

1 mM dithiothreitol (DTT), 7 mM magnesium acetate, 0.1% Triton X-100, 1 U/mL 

benzonase, and 0.2 mg/mL lysozyme) and incubated at 4oC overnight with gentle 

agitation.  The cell debris was removed by centrifugation at 28,964 xg and the clear 

supernatant was loaded onto a 5 mL nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity 

column (Qiagen) (Figure 3-1).  A step gradient containing 100mM and 600mM of 

imadizole in standard buffer (20 mM Tris-HCl pH 8.0, 50 mM NaCl, 10% glycerol, and 1 

mM DTT) was used to elute the histidine-tagged VP4.  Fractions positive for VP4 were 

then applied to a 5 mL SP-Sepharose FF cation-exchange column equilibrated with 

standard buffer and were eluted stepwise with 100mM and 500mM NaCl in standard 

buffer.  Fractions positive for VP4 were pooled and loading onto a size exclusion column 

(HiPrep 16/60 Sephacryl S-100 HR) equilibrated with crystallization buffer (20 mM Tris-

HCl pH 8.0, 100 mM NaCl, 10% glycerol, and 1% β-mercaptoethanol).  The size 

exclusion column was connected to the Pharmacia ÄKTA PrimeTM system that pumped 

at a flow rate of 0.7 mL/min.  Fractions with pure VP4 were pooled and concentrated 

using a Millipore centrifugal filter (10 kDa cutoff).  The concentrated sample was 

incubated with chymotrypsin overnight at 4oC and was then applied to the same size 

exclusion column mentioned above.  Details of this limited proteolysis procedure are 

described elsewhere162.  Purified VP4 was concentrated to ~ 40 mg/mL for crystallization 

trials.  

  



 

67 

 

Figure 3-1.  Purification scheme.  

 

- Full-length TV-1 VP4 
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Figure 3-1.  Purification scheme (Continued from last page).  

The VP4 protease from TV-1 was purified from crude cell lysate (Step 1) using nickel column 
chromatography (Step2).  The protein was further purified using cation exchange 
chromatography (Step 3) and size exclusion chromatography (Step 4).  Fractions positive for 
VP4 was then concentrated and subjected to limited proteolysis by chymotrypsin.  A second size 
exclusion chromatography (Step 5) was preformed to remove chymotrypsin. The red stars on the 
size exclusion elution profile denote the VP4 peaks.  The full-length TV-1 VP4 eluted at ~160 mL 
whereas the chymotrypsin-treated VP4 eluted at ~175 mL. 

3.2.3. Crystallization 

The crystal used for data collection was obtained using the hanging-drop method 

at room temperature (~23oC). On a coverslip, 1 µL of VP4 was mixed with 1 µL of 

reservoir reagent and 1µL of 0.2M urea as an additive (Figure 3-2).  To aid in crystal 

nucleation, this drop was seeded with 1µL of selenomethionine-labelled TV-1 VP4 

crystals from an older drop.  The drop was allowed to reach vapour equilibrium via 

incubation over 1 mL of reservoir reagent in a grease-sealed chamber.  The optimized 

reservoir condition was 21% PEG8000, 0.55M ammonium sulphate.  The cryo-solution 

contained 70% of the buffer reservoir and 30% glycerol. Crystal for data collection was 

transferred into the cryo-solution, flash-cooled in liquid nitrogen and then subjected to 

diffraction analysis.  These hexagonal crystals belong to space group P6422, have unit 

cell dimensions of 59.1 x 59.1 x 208.1 Å with one molecule in the asymmetric unit, a 

Matthews coefficient of 2.1 and a solvent content of 42.1%.  The pH of the drop is ~ 5.0 

as determined using pH paper strips. 
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Figure 3-2.  Crystals of TV-1 VP4.  

The hexagonal crystals (P6422) of TV-1 VP4 grew in the presence of 21% PEG8000, 0.55M 
ammonium sulphate with urea as an additive. 

 

3.2.4. Data collection 

Data collection was carried out at the Canadian Light Source on beam line 08ID-

1 at a wavelength of 0.9789 Å with 0.5o oscillations and each image was exposed for 5 

sec.  The distance between the crystal and the detector was 350mm.  

3.2.5. Structure determination and refinement 

The images were indexed and integrated using the program MOSFLM and 

scaled to 2.1 Å using SCALA163.  The structure was solved by single-wavelength 

anomalous dispersion (SAD) (f’: -7.11, f’’: 4.77).  The structure was solved using AutoSol 

from the Phenix program suite 164-166.  The coordinates from AutoSol were refined using 

rigid body and restrained refinement in REFMAC5167.  The model from AutoSol was 90% 

complete and the remaining 10% of the molecule was built manually in coot 168 using a 

difference density map generated by REFMAC5. Restraints for the acyl-enzyme linkage 

were prepared using the REFMAC5 library definitions169.  The final round of restrained 

refinement in REFMAC5 included TLS (5 TLS groups)170, 171.  A table of crystallographic 

data statistics is shown in Table 3-1. 
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Crystal parameters  

Space group P6422 

a, b, c  (Å) 59.1, 59.1, 208.1  

Data collection statistics  

Wavelength (Å)                                                  0.97893 

Resolution (Å)                                                  52.0 – 2.1(2.2 – 2.1)a 

Total reflections                                     154167 (9938) 

Unique reflections                             13466 (1841) 

Rmerge b                                                              0.107 (0.350) 

Mean (I)/σ (I)                                                        14.5 (4.3) 

Completeness (%) 99.8 (98.5) 

Redundancy 11.4 (5.4) 

SAD phasing   

Number of sites                                                       7 (out of a possible 7) 

Figure of merit  (49.7 – 2.5 Å)                                        0.46 

Refinement statistics  

Protein molecules (chains) in A.U. 1 

Residues 194 

Water molecules 47 

Total number of atoms 1503 

Rcryst c / Rfree d  (%)  18.2 / 23.3 

Average B-factor (Å2) (all atoms) 17.1 

RMSD on angles (º) 1.979 

RMSD on bonds (Å) 0.024 

 

Table 3-1.  Data collection, phasing and refinement statistics for TV-1 VP4 crystal 
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Table 3-1.  Data collection, phasing and refinement statistics for TV-1 VP4 crystal. 

(Continued from last page). 

a The data collection statistics in brackets are the values for the highest resolution shell. 
 
b 𝑅!"#$" =    𝐼! ℎ𝑘𝑙 − 𝐼 ℎ𝑘𝑙!!!"       𝐼!!!!" ℎ𝑘𝑙 	  ,	  where  𝐼! ℎ𝑘𝑙  is the intensity  
                    of an individual reflection and 𝐼 ℎ𝑘𝑙  is the mean intensity of that  
                    reflection. 
 
 
c 𝑅!"#$% =    𝐹!"# − 𝐹!"#!   !!" 𝐹!"#!!"  , where Fobs and Fcalc are the observed and     
                  calculated structure-factor amplitudes, respectively. 
d Rfree is calculated using 5% of the reflections randomly excluded from refinement.   

 

3.2.6. Structural analysis 

Residue contact and hydrogen bond analysis was performed using the program 

CONTACT in the CCP4i crystallography software suite 163. The root mean square 

deviation (RMSD) values reported for protein superpositions were calculated using the 

Superpose webserver172.  The secondary structure assignments were performed using 

the STRIDE webserver173.  The accessible surface area analysis was performed with 

Surface Racer 5.0174. 

3.2.7. Figure preparation 

The structure figures were generated in Pymol35. The protein sequence 

alignment was prepared using the ClustalW 32 and ESPript webservers 33, 175.   The 

electron density map used in Figure 2-5 was converted from the mtz file generated in 

REFMAC5 using program FFT from the CCP4i crystallography software suite163. 
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3.3. Results 

3.3.1. Structure solution 

The amino-terminus of TV-1 VP4 (residue 619) is defined by its X/VP4 cleavage 

site and its carboxy-terminus is defined by its VP4/VP3 cleavage site (residue 830) 

(Figure 3-3).  We have successfully cloned, expressed and purified full-length wild-type 

TV-1 VP4 protease (residue 619-830) with an amino-terminal 6xHis affinity-tag. Limited 

proteolysis was used to remove disordered amino-terminal residues to promote 

crystallization.  We have crystallized and solved the structure of TV-1 VP4 using SAD 

phasing methods and refined the structure (residues 637-830) to 2.1 Å resolution.   
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Figure 3-3.  TV-1 VP4 protease cleavage sites 

A) The genomic arrangement of TV-1 segment A.  The arrow heads indicate the sites of cleavage 
with the P1 and P1’ residue numbers listed.  B) A list of known TV-1 VP4 cleavage sites 31.  The 
amino acids in the VP4/VP3 junction that are visible in the crystal structure are highlighted in 
yellow.   

 

 

 

 

 

 

 

 

) 

) 



 

74 

3.3.2. Overall protein architecture 

The overall dimensions of TV-1 VP4 is approximately 38 Å x 34 Å x 39 Å. Electrostatic 

analysis reveals a significant amount of positively charged surface, consistent with its 

theoretical isoelectric point of 9.8 (residues 619-830). This is a unique characteristic of 

TV-1 VP4, the theoretical isoelectric point of the VP4 from other birnaviruses ranges 

from 4.7 to 6.6. TV-1 VP4 has an α/β fold consisting of sixteen β-strands (β1-β16), four 

α-helices (α1- α4) and two 310 helices (η1- η2) (Figure 3-4).  β-strands 1 to 9, 15, and 

16 form two β-sheets that are predominantly arranged in an anti-parallel fashion.  This β-

sheet region houses the substrate binding groove and specificity pockets.  One 310-helix 

and one α-helix (α1) are also found in this region. Adjacent to this β-sheet platform is a 

parallel β-sheet made up of three short strands (β10, β13 and β14).  This β-sheet is 

surrounded by three α-helices (α2- α4) and a β-hairpin (β11 and β12).  The nucleophilic 

Ser738 is located at the amino-terminal end of α2 and the general-base Lys777 is part of 

α3.  The C-terminal residues (809-830) of TV-1 VP4 wrap around the perimeter of the 

molecule such that it ultimately arriving with Ala830 (the P1 residue for the VP4/VP3 

cleavage site and last residue in the expressed construct) directly adjacent to the Ser738 

nucleophile.  The C-terminal residues pack tightly against the VP4 surface with β15 

hydrogen bonding with β7 and β16 hydrogen bonding with β2. The loop that connects 

β15 and β16 passes under the β-hairpin extension made up of β2 and β3 (Figure 3-4).  
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Figure 3-4.  The TV-1 VP4 protease protein fold.  

There are 4 α-helices (shown in red, α 1-4), 16 β-strands (shown in yellow, β1-15 and orange, 
β16) and two 310 helix (shown in red, η1,2).  The nucleophile, Ser738, is shown as red spheres 
and the general base, Lys777, is shown as blue spheres.  The last five residues (Val826 - Ala830) at 
the C-terminus of VP4 are shown in orange with the last residue (Ala830, shown as orange 
spheres) forming an intramolecular (cis) acyl-enzyme with the nucleophile, Ser738 (shown as red 
spheres).   
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3.3.3. An intramolecular (cis) acyl-enzyme intermediate revealed 
for the VP4/VP3 junction 

There is clear continuous electron density from the Ser738 Oγ to the carbonyl 

carbon of Ala830 (the C-terminus of VP4, P1 residue for the VP4/VP3 cleavage site) 

(Figure 3-5A).  The electron density at the active site therefore shows that this structure 

reveals an intramolecular (cis) acyl-enzyme complex or intermediate for the TV-1 

VP4/VP3 cleavage site. The covalent linkage between the side chain hydroxyl Oγ of 

Ser738 and the main chain carbonyl of Ala830 fits the electron density with a trigonal planer 

geometry expected for an ester linkage 176, 177. 
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Figure 3-5.  An intramolecular acyl-enzyme intermediate reveals the enzyme-
substrate binding interaction in TV-1 VP4. 

A) The 2Fo -Fc electron density map (contoured at 1.2 sigma) for atoms in and near the active 
site.  The acyl-enzyme ester linkage is formed between the side chain Oγ of Ser738 (shown in red) 
and the carbonyl carbon of the last residue, Ala830 (shown in green).  Residues near the C-
terminus are shown in green and residues leading up to the nucleophile, Ser738, are show in 
salmon.  The general base, Lys777, is shown in blue and the sulphate ion adjacent to the active 
site is shown in yellow.  B) The C-terminus of TV-1 VP4 (shown as green sticks) binds into its 
own active site forming an intramolecular (cis) acyl-ester linkage between the carbonyl carbon of 
the last residue, Ala830, and Oγ of the nucleophile, Ser738(shown in red).  The residues that line 
the substrate binding groove are shown as magenta sticks with hydrogen bonds shown as 
dashed black lines buried in a semitransparent molecular surface.   Hydrogen bonds formed 
between the active site residues are shown in red.  

 

 

ing with !7 and !16 hydrogen bonding with !2. The loop that
connects !15 and !16 passes under the !-hairpin extension
made up of !2 and !3 (Fig. 2).
An Intramolecular (cis) Acyl-enzyme Intermediate Revealed

for the VP4/VP3 Junction—There is clear continuous electron
density from the Ser738O" to the carbonyl carbon ofAla830 (the
C terminus of VP4, P1 residue for the VP4/VP3 cleavage site)
(Fig. 3A). The electron density at the active site therefore shows
that this structure is an intramolecular (cis) acyl-enzyme com-
plex or intermediate for the TV-1 VP4/VP3 cleavage site. The
covalent linkage between the side chain hydroxyl O" of Ser738
and the main chain carbonyl of Ala830 fits the electron density
with a trigonal planer geometry expected for an ester linkage
(44, 45).
Cleavage Site Recognition Groove and Specificity Pockets—

The last three residues of TV-1VP4 (Ala830(P1) toAla828(P3) of

the VP4/VP3 cleavage site (46)) are stabilized by anti-parallel
!-sheet type hydrogen bonding interactions with residues 651
to 653 of!-strand 2 andparallel!-sheet type hydrogen bonding
interactions with residues 733 to 737 of !-strand 9 (Fig. 3B).
The !-sheet style interaction between the C-terminal residues
and the VP4 substrate binding groove are extended with the
help of an orderedwatermolecule (water 2). This orderedwater
forms hydrogen bonds with the main chain carbonyl oxygen of
the P4 residue (Val827) and the main chain nitrogen of Asp653
(Fig. 3B). The shallow and uncharged S3 binding pocket that
accommodates Ala828 (P3) is formed by residues Val650, Leu651,
Met652, Phe663, Pro732, Gln733, and Leu734. The P1 residue
(Ala830) of the VP4/VP3 junction fits into a pocket made up of
atoms from Leu648, Pro649, Val650, Leu734, Ala735, Phe736,
Ser738, and Trp739. There are no binding pockets for the P2, P4,
or P5 residues as these side chains are pointing away from the
substrate binding surface.
Catalytic Residues—This wild-type VP4 structure provides

an opportunity to observe the atomic position of the catalytic res-
idues during the acyl-enzyme intermediate stage of the reaction
cycle for the VP4/VP3 cleavage event, just before the ester bond
within the acyl-enzyme intermediate is attacked by a catalytic
(deacylating) water. Results from a previous mutagenesis study
suggested that TV-1VP4 utilizes a serine/lysine catalytic dyad (6).
The proposed nucleophilicO" of Ser738 is oriented toward theN#
of the proposed general base Lys777 (Fig. 3B). However, the pres-
enceof a sulfate bound just adjacent toLys777 has steered theN#of
Lys777 slightly away from the Ser738 O". This sulfate sits in a posi-
tively chargedpocket just adjacent to thegeneral baseLys777 and is
coordinated by the N# of Lys777, the O"1 of Thr760, the N$2 of
Asn771, and themain chain amide nitrogens of Leu772 and Leu773.
TheN# of the general base Lys777 is also coordinated via hydrogen
bonds to theO"1 ofThr760 and a highly ordered andbarrierwater
(water 1) (Fig. 3B). TheN#of Lys777 is completely buried (0.0Å2 of
accessible surface area) within the active site of this acyl-enzyme
intermediate structure (the average accessible surface area for the
10 other lysine N# within TV-1 VP4 is 50.7 Å2). The covalently
boundC-terminal carbonyl oxygenofAla830 points into anoxyan-
ion hole assembled from themain chainNHof Ser738 andAsn737.

DISCUSSION

Comparative Analysis of the Overall Tertiary Structure of VP4
Proteases from TV-1, IPNV, and BSNV

Due to a low level of sequence identity, the TV-1 VP4 is
categorized into a separate protease family (S69) from the other
VP4 proteases (S50). Despite this low level of sequence identity,
a comparison of the BSNV, IPNV, and TV-1 VP4 structures
reveals an overall conservation of tertiary structure (Fig. 4). In
quantitative terms, TV-1 VP4 shares 20% sequence identity
with BSNVVP4 and has amain chain superposition r.m.s. devi-
ation of 3.5 Å. For IPNV VP4, the sequence identity with TV-1
VP4 is only 12% and the main chain superposition r.m.s. devi-
ation is 7.1 Å.

A distinguishing feature of TV-1 VP4 is the presence of an
%-helix between !-strands 5 and 6, a region that forms a loop
structure in both IPNV and BSNV (Figs. 2 and 4). Another
unique feature of the TV-1 VP4 structure is the presence of two

FIGURE 3. An intramolecular acyl-enzyme intermediate reveals the
enzyme-substrate binding interaction in TV-1 VP4 protease. A, an elec-
tron density map (2Fo ! Fc contoured at 1.2&) for atoms in and near the active
site. The acyl-enzyme ester linkage is formed between the side chain O" of
Ser738 (shown in red) and the carbonyl carbon of the last residue, Ala830

(shown in green). Residues near the C terminus are shown in green and resi-
dues leading up to the nucleophile, Ser738, are show in salmon. The general
base, Lys777, is shown in blue and the sulfate ion adjacent to the active site is
shown in yellow. B, the C terminus of TV-1 VP4 (shown as green sticks) binds
into its own active site forming an intramolecular (cis) acyl-ester linkage
between the carbonyl carbon of the last residue, Ala830, and the O" of
Ser738 (shown in red). The residues that line the substrate binding groove
are shown as magenta sticks with hydrogen bonds shown as dashed black
lines buried in a semitransparent molecular surface. Hydrogen bonds
formed between the active site residues are shown in red.
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3.3.4. Cleavage-site recognition groove and specificity pockets   
 

The last three residues of TV-1 VP4 (Ala830[P1] to Ala828 [P3] of the VP4/VP3 

cleavage-site39) are stabilized by anti-parallel hydrogen bonding with residues 651 to 

653 of β-strand 2 and by parallel hydrogen bonding with residues 733 to 737 of β-strand 

9 (Figure 3-5B).  The β-sheet style interaction between the C-terminal residues and the 

VP4 substrate binding groove are extended with the help of an ordered water molecule 

(water 2).  This ordered water forms hydrogen bonds with the main chain carbonyl 

oxygen of the P4 residue (Val827) and the main chain nitrogen of Asp653 (Figure 3-5B). 

The shallow and uncharged S3 binding pocket which accommodates Ala828 (P3) is 

formed by residues Val650, Leu651, Met652, Phe663, Pro732, Gln733 and Leu734.  The P1 

residue (Ala830) of the VP4/VP3 junction fits into a pocket made up of Leu648, Pro649, 

Val650, Leu734, Ala735, Phe736, Ser738 and Trp739.  There are no binding pockets for the P2, 

P4, or P5 residues as these side chains are pointing away from the substrate binding 

surface (Figure 3-10C). 

3.3.5. Catalytic residues 

This wild-type VP4 structure provides an opportunity to observe the atomic 

position of the catalytic residues during the acyl-enzyme intermediate stage of the 

reaction cycle for the VP4/VP3 cleavage event, just before the ester bond within the 

acyl-enzyme intermediate is attacked by a catalytic (deacylating) water.  Results from 

previous mutagenesis study suggested that TV-1 VP4 utilizes a serine/lysine catalytic 

dyad.  The proposed nucleophilic Oγ of Ser738 is oriented towards the Nζ of the proposed 

general base Lys777 (Figure 3-5B).  However, the presence of a sulphate bound just 

adjacent to Lys777 has steered the Nζ of Lys777 slightly away from the Ser738 Oγ.  This 

sulphate sits in a positively charged pocket just adjacent to the general base Lys777 and 

is coordinated by the Nζ of Lys777, the Oγ1 of Thr760, the Nδ2 of Asn771, and the main 

chain amide nitrogens of Leu772 and Leu773. The Nζ of the general base Lys777 is also 

coordinated via hydrogen bonds to the Oγ1 of Thr760 and a highly order and barrier water 

(water 1) (Figure 3-5B).  The Nζ of Lys777 is completely buried (0.0 Å2 of accessible 

surface area) within the active site of this acyl-enzyme intermediate structure (the 

average accessible surface area for the other 10 lysine Nζ’s within TV-1 is 50.7 Å2). The 
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covalently bound C-terminal carbonyl oxygen of Ala830 points into an oxyanion hole 

assembled from the main chain amine groups of Ser738 and Asn737.  

3.4. Discussion 

3.4.1. Crystallization strategies  

The full-length N-terminally tagged TV-1 VP4 construct expressed in the soluble 

fraction and initially purified on a nickel affinity column successfully with most of the 

bacterial contaminants removed. However, size exclusion chromatographic analysis 

revealed that VP4 eluted in the void volume where proteins greater than 100 KDa would 

be expected to elute (Figure 3-6).  Since the theoretical molecular mass of TV-1 VP4 is 

approximately 25 KDa, this suggested that TV-1 was either aggregated or in a 

homotetrameric state or larger.  Crystallization screens with this protein did not produce 

any hits. To increase the purity of the sample, the protein eluted from the size exclusion 

column was applied to a cation exchange column.  The sodium chloride eluted samples 

were pooled and subjected to size exclusion chromatography for a second time. The 

second size exclusion chromatography step revealed that TV-1 VP4 now eluted within a 

volume consistent with a monomeric nature (Figure 3-6).  Initial attempt to crystallize the 

full-length monomeric TV-1 VP4 failed.  Thus, limited-proteolysis was performed to 

remove flexible regions that might possibly be disrupting crystal packing. A variety of 

proteases and conditions were used.  The chymotrypsin treated TV-1 VP4 gave a single 

major band on the SDS-PAGE gel after one hour (Figure 3-6, insert).  Thus, 

chymotrypsin was chosen for proteolytic treatment of this protein which was then purified 

by size-exclusion chromatography yet again and concentrated and set up for 

crystallization screens.  The chymotrypsin treated monomeric TV-1 VP4 yielded 

hexagonal crystals from Hampton Research Crystal Screen I condition 30 with 30% PEG 

8000, 0.2 M ammonium sulphate and the optimized condition was 21% PEG8000, 

0.55M ammonium sulphate.  The reproducibility of these crystals was low with a success 

rate of around 5-10% for the native TV-1 VP4.  The success rate was increased by 

seeding with crystals from an older drop.  These crystals appeared around one week 

after crystal plating and can grow over months. The native crystal diffracted to 2.4 Å 

resolution using a rotating anode X-ray source. To obtain phase information, a batch of 



 

80 

selenomethionine-labelled TV-1 VP4 was purified.  The selenomethionine-labelled VP4 

crystallization drops were seeded with native crystals.  The resulting selenomethionine-

labelled VP4 crystals were more reproducible than the native crystals with a success 

rate of ~ 80-90%.  To increase the size of these hexagonal crystals, the optimized 

condition was screen against the additive screen from Hampton Research.  The 

selenomethionine-labelled crystals grew bigger in the presence of urea.  These crystals 

appeared 2-3 days after crystal plating.  However, these crystals dissolve in less than a 

week and require continuous crystal plating to provide the seeds for further 

crystallization trials.  
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Figure 3-6.  Size exclusion chromatography of VP4 before and after cation 
exchange. 

The elution fractions collected from nickel-column were subjected to size exclusion 
chromatography (blue).  The void volume fractions (label on the graph as void volume) were 
collected and pass through a cation exchange column.  The elution fractions from cation 
exchange column were again subjected to size exclusion chromatography (red) and eluted as a 
monomer (label on graph as monomer).  Gel insert: lane1, molecular weight marker; lane 2, TV-
1 VP4 + chymotrypsin after 5 min; lane 3 - TV-1 VP4 + chymotrypsin after 1 hour.   
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3.4.2. Comparative analysis of the overall tertiary structure of VP4 
proteases from TV-1, IPNV and BSNV 

Due to a low level of sequence identity, the TV-1 VP4 is categorized into a 

separate protease family (S69) from the other VP4 proteases (S50). Despite this low 

level of sequence identity, a comparison of the BSNV, IPNV and TV-1 VP4 structures 

reveals an overall conservation of tertiary structure (Figure 3-7).  In quantitative terms, 

TV-1 VP4 shares 20% sequence identity with BSNV VP4 and has a main chain 

superposition RMSD of 3.5 Å.  In IPNV VP4, the sequence identity with TV-1 VP4 is only 

12% and the main chain superposition RMSD is 7.1 Å.  

A distinguishing feature of TV-1 VP4 is the presence of an α-helix between β-

strand 5 and 6, a region that undertakes a loop structure in both IPNV and BSNV 

(Figure 3-7).  The two β-strands (β15 and 16) that lead to the C-terminus of TV-1 VP4 

form part of the main β-sheet region. In the intermolecular (trans) acyl-enzyme 

intermediate structure of IPNV (Figure 3-7C), the C-terminus is extended away from the 

structure and bound to an adjacent active site in a neighbouring VP4 molecule of the 

crystal, and an α-helix is seen at the N-terminus.  The shorter construct of IPNV VP4 is 

lacking much of this region of the enzyme (Figure 3-7D).   A unique characteristic of the 

BSNV VP4 is the long N-terminal β-strand that makes an intimate β-augmentation 

interaction with another VP4 molecule in the asymmetric unit (Figure 3-7B); however, 

this proposed dimerization has yet to be detected in solution.  
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Figure 3-7.  Comparison of VP4 structures. 

Secondary structure diagram of A) TV-1 , B) BSNV (2GEF, chain B) 24,C) and D) IPNV 
VP4s(2PNL, chains C and D; 2PNM, chain A) 26.  All superimposable secondary structures are 
shown in grey, those that are unique to each protease are shown in red. In TV-1 VP4 (A), an 
intramolecular (cis) acyl-enzyme complex is formed between the serine nucleophile, Ser738 
(shown as grey spheres), and the last residue, Ala830 (shown as red spheres).  In IPNV VP4 (C), 
the serine nucleophile (shown as grey spheres) forming an intermolecular (trans) acyl-enzyme 
complex with the last residue (Ala716, shown as red spheres) of an adjacent molecule (shown in 
orange).  The numbers in the overlapping segment of the circle denotes the main chain RMSD 
between VP4s.   

) 

) 

) 
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A sequence alignment of five different VP4s in the Birnavirus family reveals only 

nine invariant residues: Pro649, Val650, Pro716, Ser738, Thr760, Gly761, Lys777, Gly786, and 

Leu789(TV-1 numbering, Figure 3-8).  Pro649, Val650, Ser738, Thr760, Gly761 and Lys777 are 

found in or near the active site.  Pro716 is found adjacent to the S3 binding pocket.  Each 

of the invariant active site residues aligns well when the BSNV, IPNV and TV-1 VP4 

structures are superimposed (Figure 3-9).   
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Figure 3-8.  A sequence alignment of birnavirus VP4 proteases.  

The VP4 sequences used for the alignment were obtained from the Swiss-Prot data bank 
(accession numbers are shown in parentheses): Tellina virus 1(TV-1; Q2PBR5)31, Infectious 
pancreatic necrosis virus (IPNV;P90205)27, blotched snakehead virus (BSNV, Q8AZM0)25, 
Drosophila X virus (DXV; Q96724)30, and  Infectious bursal disease virus (IBDV; P15480)29. The 
secondary structure of TV-1 (blue), IPNV (green), and BSNV (red) are shown above the 
sequences with each element numbered sequentially.  Residues that are involved in the catalytic 
mechanism are denoted by stars; nucleophile (Ser738), red star; general base (Lys777), blue star; 
general base-coordinating residue (Thr760), green star.  Invariant residues are coloured and 
boxed in blue.  Residues that contribute to protease-substrate interactions are denoted by 
symbols (main chain substrate hydrogen bonding partners, green triangles; residues forming the 
S1 and S3 binding pockets, blue squares).    
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Figure 3-9.  Conservation of the active site region in VP4 proteases. 

Superposition of the invariant active site residues from TV-1 (red), IPNV (blue, 2PNL - chainA 26) 
and BSNV VP4 proteases (green, 2GEF - chain A24) are shown. 
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3.4.3. Comparative analysis of TV-1 and IPNV enzyme/substrate 
interactions 

Crystal structures of both TV-1 VP4 and IPNV VP4 have revealed covalent acyl-

enzyme intermediates.  The bound substrate in the TV-1 VP4 structure is its own C-

terminus, the VP4/VP3 junction, forming an intramolecular (cis) ester linkage (Figure 3-

7A), whereas in the previous IPNV VP4 structure the bound substrate is an internal 

cleavage site near the C-terminus forming an intermolecular (trans) ester linkage with an 

adjacent molecule (Figure 3-7C).  A comparison of the substrate binding grooves with 

bound substrate reveals a similar hydrogen bonding pattern spanning residues P1 to P5 

with an average hydrogen bonding distance of 3.0 Å for both TV-1 and IPNV VP4s 

(Figure 3-10A, B).  Both substrate binding grooves utilize a water molecule within the 

interaction, but on opposite side of the substrate (Figure 3-10A, B).  
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Figure 3-10.  Comparison of TV-1 and IPNV VP4 substrate binding groove and     
specificity binding pockets.  

 

 

) ) 

) ) 
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Figure 3-10.   Comparison of TV-1 and IPNV VP4 substrate binding groove and   
specificity binding pockets (Continued from last page). 

A) The TV-1 VP4 binding groove is shown with the main chain carbon atoms coloured in salmon. 
The main chain carbon atoms for the VP4/VP3 cleavage site (residues P1 to P5) are coloured in 
green.  A water that is involved in the substrate/binding groove interaction is shown as a cyan 
sphere.  The main chain hydrogen-bond distances (dashed lines) between the enzyme and the 
substrate are shown.  B) The IPNV VP4 binding groove shown in a similar fashion to panel A, 
except that the main chain carbon atoms are coloured in white.  C) and D) depict a comparison of 
TV-1 and IPNV substrate specificity binding pockets shown in cross-section.  The amino acid 
residues within the bound substrate are shown as ball-and-stick (black) with the van der Waals 
spheres shown as dots surrounding the respective residues.  The binding pockets are shown as 
blue surfaces.  The P1 and P3 residues for known cleavage sites are shown below their binding 
pockets.   Residues that are frequently found at these sites are shown in colour.  C) The 
VP4/VP3-cleavage site seen in the TV-1 VP4 intramolecular (cis) complex presented here is 
boxed in red.  D) The internal cleavage site seen in the previously solved IPNV VP4 
intermolecular (trans) complex is boxed in red 26. 
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All of the TV-1 cleavage sites contain an alanine at the P1 and P3 positions 

(Figure 3-10C)31.  The same is observed for the P1 position in the IPNV cleavage sites; 

however, the residues at the P3 position in the IPNV cleavage sites are more variable 

with serine occurring most frequently and a glutamine at this position in the IPNV VP4 

internal cleavage site (Figure 3-10D)43.  Analysis of the molecular surfaces for the S1 

and S3 specificity pockets within the TV-1 and IPNV acyl-enzyme structures reveals 

structural reasons for the broader specificity seen at the P3 position in the IPNV 

cleavage sites.  The S1 and S3 binding pockets of TV-1 VP4 are shallow and 

hydrophobic, complementary to the alanine methyl group side chains seen at the P1 and 

P3 positions (Figure 3-10C).  The S1 binding pocket of IPNV VP4 is also shallow and 

hydrophobic, but the S3 pocket is deep and hydrophilic allowing it to accommodate a 

greater variety of residues at the P3 position (Figure 3-10D).  In fact, the bottom of this 

pocket is lined with a number of water molecules, which may play a role in adjusting the 

fit for a variety of side chains. 

3.4.4. The catalytic machinery of TV-1 VP4 

 

3.4.4.1. Oxyanion hole 

During serine protease catalyzed cleavage of scissile peptide bonds, a negatively 

charged tetrahedral intermediate develops which is thought to be neutralized by a 

feature of the enzyme called an oxyanion hole. It is usually composed of main chain 

amide nitrogens acting as hydrogen bond donors to the scissile bond oxyanion 178.  The 

TV-1 VP4 acyl-enzyme structure shows that the main chain amide of the serine 

nucleophile (Ser738) is within hydrogen bonding distance to the scissile carbonyl oxygen. 

It is possible that the main chain amide nitrogen of Asn737 may also contribute to the 

oxyanion stabilization, but the distance and orientation for this interaction is less than 

optimal (Figure 3-5B).  It is possible that the oxyanion hole is completely formed only 

during the transition state, when the oxyanion is present.  Additional stabilization may be 

provided by the positive dipole of α-helix 2 which is oriented toward the oxyanion hole 

(Figure 3-4).  
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Figure 3-11.  A potential deacylating water in TV-1 VP4 protease. 

The serine nucleophile, Ser738 (red), lysine general base, Lys777 (blue), and the C-terminus 
(green) of TV-1 VP4 are shown. A potential deacylating water (water 1) is shown as a sphere 
(cyan).  The atoms that define the trigonal planar geometry of the ester linkage between the 
Ser738 Oγ and the Ala830 carbonyl are labelled.  The angle (Oester – Cester – Owater) of attack on 
the ester carbonyl by the potential deacylating water (water 1) is given.  The distance from water 
1 to the activating lysine general base is given along with the distance from the water to the ester 
carbonyl (in Å). 

 

3.4.4.2. Potential deacylating water 

Having an acyl-enzyme intermediate complex of TV-1 VP4 protease affords us 

the opportunity to identify the location of a potential “deacylating” (also called the 

“catalytic,” “hydrolytic,” or “nucleophilic”) water.  For a water to function as the 

nucleophile during the deacylation step of a proteolytic reaction it needs to be positioned 

such that it is within hydrogen bonding distance to a general base for activation as well 

as at a suitable angle of approach with respect to the carbonyl of the ester intermediate 

(the so-called Bürgi angle of  ~107°)179.  An examination of the TV-1 VP4 protease active 

site region reveals an ordered and buried water molecule (water 1) positioned in 

approximately the correct position to serve as the deacylating water.  It is coordinated by 

hydrogen bonds to Ser738Oγ, Lys777Nζ, Pro649O, and Thr760Oγ1 (Figure 3-11).  This is the 

only active site water seen in the correct position to serve as the deacylating water.  It is 
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unlikely that the bound sulphate would be occupying the position for a deacylating water 

in that it would not be at the correct distance or angle for attack on the ester carbonyl. 

3.4.5. Trapping the intramolecular (cis) acyl-enzyme intermediate 
in a wild-type VP4 protease active site 

Although the deacylation step in the serine protease mechanism is often rate-

limiting, trapping the acyl-enzyme within a crystal structure has been very challenging. 

Acyl-enzyme structures have been reported for serine proteases using: (i) short peptide 

substrates and low pH 176, 180, (ii) small ester substrates using flash cooling 181, 182, (iii) 

small molecule inhibitors such as β-lactams 183, 184, and (iv) small peptide substrates 

using pseudo-steady state conditions 177.  

We have found that viral proteases such as VP4 that essentially cleave 

themselves out of the middle of a viral polyprotein are helpful in studying the acyl-

enzyme intermediate stage of serine protease catalysis in that the enzyme itself contains 

the specificity residues for the C-terminal cleavage-site (Figure 3-3).  Previously, Lee et 

al. used an active site mutation in the IPNV VP4 protease to trap an intermolecular 

(trans) acyl-enzyme intermediate (Figure 3-7C) 26.  Mutating the lysine general base to 

an alanine and having the internal VP4 cleavage site available at the C-terminus of each 

VP4 molecule along with a high local concentration within the crystallization drop helped 

to drive the reaction backwards one step to generate the intermolecular (trans) acyl-

enzyme complex.  The stabilization of this complex was likely due to the lack of a 

general base that is required to activate a deacylating water.  In the work presented here 

we have trapped the intramolecular (cis) acyl-enzyme complex for the VP4/VP3 

cleavage site in the TV-1 VP4 protease using a wild type active site.  This demonstrates 

directly the ability of VP4 to cleave in cis.  The construct was designed such that the C-

terminal residue is the P1 residue of the VP4/VP3 cleavage site.  It is likely that a 

sulphate ion available from the optimized crystallization condition and bound adjacent to 

Lys777 has stabilized the protonated positively charged state on the ε-amino group of the 

lysine general base and thus preventing it from activating the deacylating water.  The 

sulphate binding site could potentially be utilized in inhibitor design. 
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Superposition of all structures of VP4 shows a significant difference in the region 

corresponding to the sulphate binding site in TV-1 VP4, particularly the region 

corresponding the residues Asn771 to Leu773, a loop that bridges β-strand 12 and α-helix 

3 (Figure 3-4). In TV-1 VP4, the side chain of Leu772 points away from the enzyme 

surface. In IPNV and BSNV VP4, the corresponding residues (Ile668 and Val723 

respectively) are pointing into the would-be sulphate binding site.  Interestingly, the 

optimized crystallization conditions for the IPNV VP4 intermolecular (trans) acyl-enzyme 

structure also had sulphate present (0.4M Li2SO4) but no electron density was seen in 

the active site that would correspond to a sulphate ion.  Since the lysine general base 

was mutated to an alanine in this IPNV VP4 construct, there may not have been the 

necessary complementary charge for the sulphate to bind.  From the collection of VP4 

structures available so far, it does not appear that binding of the substrate induces a 

change in the conformation that would facilitate sulphate binding in that the IPNV VP4 

was solved in the presence and absence of bound substrate yet in both cases the 

would-be sulphate binding site appears to be occluded by the side chain of Ile668 (Figure 

3-12).  

A low pH may have further stabilized the protonated state of the lysine general 

base thus preventing it from activating a deacylating water.  The pH of the TV-1 VP4 

crystallization drop is acidic (~ pH 5.0).  The pH of the crystallization conditions for the 

previously solved VP4 structures (IPNV and BSNV) were much more basic (pH 8.5).   

 

 

 

 

 

 

 



 

94 

 

Figure 3-12.  Sulphate binding site in TV-1VP4. 

 A) The molecular surface for the sulphate binding site in TV-1 VP4 is shown (average positive 
electrostatic surface is shown in blue, negative in red) with the sulphate ion rendered in van der 
Waals spheres (yellow).  B) A superposition of VP4 structures (IPNV(blue, acyl-enzyme; light 
blue, empty active site)26, BSNV (green)24 and TV-1(red)) showing the residues that surround the 
TV-1 VP4 sulphate binding site. The position for the sulphate is shown as a dotted surface. 

 

) 

) 
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3.5. Conclusion 

The structure of the TV-1 VP4 protease allows for the identification of the 

substrate binding pockets (S1 and S3) and a structural rationalization of the cleavage 

site specificity.  The acyl-enzyme complex has allowed us to identify a potential 

deacylating water in the VP4 protease mechanism.  A subsidiary positively charged 

pocket adjacent to the active site has also been identified.  Despite low sequence 

identity, a comparison with the IPNV and BSNV VP4 reveals that the protein architecture 

is conserved in this family of proteases.  This is the first structure of a birnavirus VP4 in 

the form of an acyl-enzyme complex with the Ser/Lys active site intact and also the first 

to show intramolecular (cis) cleavage.  Taken together, this work provides structural 

insights for rational antiviral drug design for birnaviruses, using VP4 protease as a 

target.    
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4. Crystal structures of Yellowtail ascites virus 
VP4 protease: trapping an internal cleavage 
site trans acyl-enzyme complex in a native 
Ser/Lys dyad active site 

4.1. Introduction 

Opposite to the situation of TV-1, the VP4 protease from YAV is highly 

homologous to that of IPNV (~80% identical).  There exists an internal cleavage site in 

IPNV VP4 but equivalent site has yet to be confirmed in YAV.  MCA-peptide and protein 

cleavage assays will be performed to determine if this site exists.  Since IPNV VP4 

formed acyl-enzyme complex at the internal cleavage site, crystallization of YAV VP4 is 

also a feasible strategy to answer this question.   Previous mutagenesis studies on YAV 

VP4 showed that certain residues can alter polyprotein processing despite they are not 

in the active site.  A structure of YAV VP4 will help to explain this phenomenon.      

4.2. Materials and methods 

4.2.1. YAV VP4 constructs 

The cDNA for segment A of YAV was generously provided by Dr. Syunichirou 

Oshima.  The full-length YAV VP4 construct (residues: 509-734, from the pVP2/VP4 

cleavage site to the VP4/VP3 cleavage site) was amplified using a forward primer with 

the sequence: 5'- GGA CTC CAT GGC CAG CGG CAC AGA CAC TGG G -3' and a 

reverse primer with the sequence: (5'- CTG GCC TCG AGT GCA GTT GTT CTC ATT 

AGT TCC CC -3').  This DNA region was amplified using the polymerase chain reaction 

with Vent DNA polymerase (New England BioLab).  The amplicon was cloned into the 

restriction sites NcoI and XhoI of plasmid pET28b+ (Novagen) using T4 DNA ligase 

(Fermentas).  The ligation mix was transformed into NovaBlue Escherichia coli cells 



 

97 

(Novagen) for plasmid isolation.  This creates a full-length VP4 construct that contains 

residues 509-734 from segment A of YAV, with two additional residues at the N-terminus 

[Met-Ala] and eight additional residues at the C-terminus: (Leu-Glu, and then a 6 x His 

affinity tag) (Figure 4-1A).  The truncated YAV VP4 construct was amplified using the 

same forward primer as mentioned above along with a reverse primer with the following 

sequence 5'- CTG GCC TCG AGT GCT TTC TGC ACT GGT AGT GCT CC -3'. This 

DNA region was amplified using the polymerase chain reaction with Pfu DNA 

polymerase (Fermentus).  The amplicon was cloned into the restriction sites NcoI and 

XhoI of plasmid pET28b+ (Novagen) using T4 DNA ligase (Fermentas).  The ligation mix 

was transformed into NovaBlue Escherichia coli cells (Novagen) for plasmid isolation. 

This creates a VP4 that contains residue 509-716 from segment A of YAV, with the 

same additional residues at the termini as described for the full-length construct.  To 

generate the active site mutant (K674A) constructs, a site-directed mutagenesis 

reaction, using Pfu DNA polymerase (Fermentus), was performed using the primers: 5'- 

TGC GGT GTA GAC ATC GCA GCC ATC GCC GCC CAT -3'and 5'- ATG GGC GGC 

GAT GGC TGC GAT GTC TAC ACC GCA -3'.  The NCBI reference sequence for 

segment A of YAV indicates an asparagine at position 616 (a surface residue), but our 

sequencing indicates an aspartic acid residue at this position.  We used site directed 

mutagenesis to change the sequence to match the reference sequence (Asn616). 

PfuUltra™ polymerase (Stratagene) along with the primers: 5'- AAA GAG ATC AAG 

AAG AAC GGA AAC ATC GTG GTG -3' and 5'- CAC CAC GAT GTT TCC GTT CTT 

CTT GAT CTC TTT -3' were used in the reaction.  The sequences of all VP4 genes were 

verified by DNA sequencing (GenBank accession number NC_004168, UniProt 

accession number P89521). 
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Figure 4-1.  A schematic of YAV segment A polyprotein processing by VP4 

protease and activity assays for truncated YAV VP4 (509-716). 

 

A) 

B) 

C) 

D) 

- 

 
Internal cleavage site (Self-cleavage) 

 
Full-length VP4 

(509-734, uncleaved) 

 Truncated/cleaved VP4 
(509-716) 



 

99 

Figure 4-1.  A schematic of YAV segment A polyprotein processing by VP4 
protease and activity assays for truncated YAV VP4 (509-716) 
(Continued from last page).   

(A) The genomic arrangement of segment A in YAV is shown.  The primary cleavage sites of 
cleavage are denoted by arrow heads with the P1 and P1’ residue numbers listed.  (B) A list of 
known major YAV VP4 protease cleavage sites.  The amino acids preceding P1’ in the internal 
cleavage site are visible in the crystal structure and are boxed in red.  (C) To demonstrate 
cleavage at the internal cleavage site (after residue 716), the active truncated YAV VP4 (509-
716) was incubated with full-length YAV VP4 lysine mutant (509-734 K674A) for 0, 4, 7 hours, 
and over-night at 23°C.  As a control, the same experiment was repeated with an inactive 
truncated lysine mutant (509-716 K674A).  A 20µL aliquot of the reaction was ran on a SDS-
PAGE gel and was visualized by Coomassie stain.  (D) A fluorometric peptide (Z-PVQKA-MCA) 
bearing residues P5-P1 of the VP4 internal cleavage site (residues 712-716) was incubated with 
active truncated YAV VP4 (○, 509-716), inactive truncated YAV VP4 (□, 509-716 K674A) and 
reaction buffer (∆, 20mM MES pH6.5) alone.  

4.2.2. Protein expression and purification  

The expression vectors containing the YAV VP4 constructs were transformed 

into Escherichia coli strain Tuner (DE3) following by selection on Luria-Bertani (LB) agar 

plates supplemented with 50 µg/mL of kanamycin (KAN).  Six liters of cultures were 

grown for each batch of protein purified.  Ten milliliters of overnight culture was 

inoculated into each liter of LB/KAN media.  The cultures were incubated at 37°C while 

shaking for 4 hrs before induction with 0.5 mL of 1M isopropyl β-D-1-

thiogalactopyranoside (IPTG).  The induced cultures grew overnight at 25°C. Cells were 

harvested by centrifugation at 9,110 xg for 7 minutes.  To facilitate cell lysis, the cell 

pellet was stored at -80°C for 15 minute.  The frozen cell pellets was then completely re-

suspended in lysis buffer (50 mM Tris-HCl buffer pH 8.0, 10% glycerol, 1 mM 

dithiothreitol (DTT), 7 mM magnesium acetate, 0.1% Triton X-100 and 1 U/mL 

benzonase).  The cells were sonicated three times at 30% amplitude for 5 seconds with 

a 10 second rest between each of the pulses (Fisher Scientific Sonic Dismembrator 

Model 500).  The sonciated cells were then lysed using an Avestin Emulsiflex-3C cell 

homogenizer (1250 psi for 3 minutes).  Cell debris was removed by centrifugation at 

28,964 x g for 20 minutes (Figure 4-2).  The resulting supernatant was applied to a 5 mL 

nickel-nitrilotriacetic acid (Ni-NTA) metal-affinity column (Qiagen).  The column was 

equilibrated with 5 column volumes of standard buffer (20 mM Tris-HCl pH 8.0, 50 mM 

NaCl, 1 mM EDTA, 10% glycerol, and 1 mM DTT).  A step gradient containing 100 mM, 

300 mM and 600 mM of imidazole in standard buffer was used to elute the histidine-

tagged protein.  Fractions positive for VP4 were pooled, concentrated to 5 mL, and 
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loaded onto a size-exclusion chromatography column (HiPrep 16/60 Sephacryl S-100 

HR) equilibrated with crystallization buffer (20 mM Tris-HCl pH 8.0, 100 mM NaCl, 10% 

glycerol, and 1%  β−mercaptoethanol).  The flow rate of the buffer was controlled by an 

ÄKTA PrimeTM system (Pharmacia) set at 0.7 mL/min.  Fractions with pure VP4 were 

pooled and concentrated to 30 mg/mL using a Millipore centrifugal filter with a molecular 

weight cut-off of 10 KDa for crystallization trials.  Protein concentration was measured 

with a Nanodrop UV spectrophotometer (Themo Scientific) using an extinction coefficient 

of 9970 M-1 cm-1 as calculated by the Protparam server based on the amino acid 

sequence22. 
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Figure 4-2.  Purification scheme of YAV VP4. 

All YAV VP4 constructs were purified using purification scheme shown above.  The SDS-PAGEs 
and chromatogram for YAV VP4 K674A are presented for reference.  The protein was purified 
from the crude cell lysate (1, red) using nickel affinity chromatography (2, magenta) followed by 
size exclusion chromatography (3, blue).  The red star on the size exclusion elution profile 
denotes the peak of YAV VP4 K674A. 
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4.2.3. YAV VP4 full-length self-cleavage assay  

1.5 µL of truncated VP4 (YAV VP4 509-716 or YAV VP4 509-716, K674A, 30 

mg/mL) was added to 120 µL of the reaction buffer; 20 mM MES pH 6.5 (the same buffer 

and pH as the crystallization conditions) and 1.5 µL of full-length YAV VP4 (residues: 

509-734, 30 mg/mL) with a mutant active site (K674A).  The reaction was carried out at 

23 °C and 20 µL aliquots we taken at times: 0, 4, 7 hours and overnight, mixed with an 

equal volume of 2X sample buffer and loaded onto a 15% SDS-PAGE gel which was 

visualized with Coomassie Blue stain. 

4.2.4. Fluorometric peptide cleavage assay  

The fluorometric peptide substrate Z-PVQKA-MCA  (Z , benzyloxycarbonyl; 

MCA, 4-methylcoumaryl-7-amide) was synthesized by Lifetein.  The peptide was 

dissolved in 100 % DMSO at a 50 mM stock concentration and every reaction had a final 

DMSO concentration of 1 % (v/v).  Each 100 µL reaction contained 100 µM VP4 

protease (YAV VP4 509-716 or YAV VP4 509-716, K674A) and 500 µM fluorometric  

peptide in reaction buffer (20 mM MES pH 6.5).  The control reaction contained the 

fluorometric peptide in reaction buffer.  The assay was run in triplicate on a 96 well 

µClear black plate from Greiner bio-one.  The fluorescence (in relative luminescence 

units, RLU) was monitored at 37 °C using a SpectraMax® M5 Multi-Mode Microplate 

Reader (Molecular Devices) with an excitation wavelength at 380 nm and emission 

wavelength at 460 nm. 

4.2.5. Crystallization  

All crystallization trials were carried out at room temperature (~296K).  The 

crystals used in the diffraction studies were grown using the sitting-drop vapour diffusion 

method.  For the native active site VP4, a 1 µL protein sample (30 mg/mL) was mixed 

with 1 µL of reservoir reagent and allowed to reach vapour equilibrium with 1 mL of 

reservoir reagent in a tape-sealed chamber.  The initial crystallization condition was 

obtained from the Hampton Research Crystal Screen I condition 23 (30% PEG 400, 0.1 

M sodium HEPES pH 7.5 and 0.2 M magnesium chloride, Figure 4-3A).  The optimized 

condition gave rod-shaped crystals that grew out of precipitation in 35% PEG2000, 0.1M 

MES pH6.5, and 0.30 M magnesium chloride Figure 4-3B.  These monoclinic crystals 
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belonged to space group P1 21 1 and have unit cell dimensions of 41.6 x 64.3 x 187.7 Å 

(β = 95.8°) with five molecules in the asymmetric unit (43% solvent, Matthews coefficient 

of 2.14).  For the active site mutant, 1µL of the native VP4 (30 mg/mL) was added to a 

30 µL aliquot of the active site mutant (30 mg/mL) immediately prior to crystal plating.  

Three µL of this VP4 mixture was mixed with 3 µL of the mother liquor and plated as 

described for the native active site VP4.  The crystals used in diffraction study for the 

active site mutant grew out of 25% PEG 2000, 0.1 M MES pH 6.5, and 0.45 M 

magnesium chloride(Figure 4-3C).  These cubic crystals had unit cell dimensions of 

273.5 x 273.5 x 273.5 Å with two molecules in the asymmetric unit (solvent content 73%, 

Matthews coefficient of 4.54) and belonged to space group F 41 3 2.     

 

 

Figure 4-3.  Crystals of YAV VP4. 

A) Crystals of native active site VP4 from the initial hit.  B) Crystals of native active site VP4 grew 
in the condition used for diffraction study.  C) Crystals of lysine mutant (K674A) grew in the 
condition used for diffraction study. 

4.2.6. Data collection  

Although the two crystals forms grew out of very similar crystallizations 

conditions, the cryo-solvent conditions for the two crystals were significantly different. 

The cryo-solution for the native active site VP4 was 30% 2-Methyl-2,4-pentanediol 

(MPD) in mother liquor (35% PEG2000, 0.1M MES pH6.5, and 0.3 M magnesium 

A) B) C) 

Native active site Native active site 

  

 

Mutant active site 

(K674A) 
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chloride), whereas 20 % glycerol in the mother liquor (25% PEG 2000, 0.1 M MES pH 

6.5, and 0.45 M magnesium chloride) was used for the active site mutant.  The crystal of 

the native active site VP4 was transferred into cryo-solution immediately prior to 

mounting onto a loop with cooper base.  Diffraction data was collected at the 

macromolecular X-ray diffraction data collection facility in the Molecular Biology and 

Biochemistry Department of Simon Fraser University which includes a MicroMax-007 

Microfocus X-ray generator, Osmic Confocal VariMax High Flux optics, an R-AXIS IV++ 

image plate and an X-stream2000 cryosystem.  The program CrystalClear was used for 

data collection. The crystal-to-detector distance was 220 mm.  The crystal was exposed 

for 3 minutes with an oscillation angle of 0.5° and an X-ray wavelength of 1.5418 Å.  The 

crystal of the active site mutant was transferred into cryo-solution and immediately 

mounted on a loop with cooper base then flash-cooled with liquid nitrogen prior to 

transport to the Canadian Light Source (CLS) for data collection at beamline 08ID-1.  

The crystal-to-detector distance was 310 mm.  The crystal was exposed for 6.4 seconds 

with an oscillation angle of 0.4° and an X-ray wavelength of 0.97949 Å (Table 4-1).   

4.2.7. Structure solution and refinement  

 The indexing and integration for both datasets were carried out using MOSFLM 
185 and scaling was performed with SCALA 186 from the CCP4i suite 163.  The program 

POINTLESS was used to confirm space group assignment 186.  Molecular replacement 

was employed to obtain phase estimates.  For the native active site VP4, the solution 

was found using the program MOLREP187 utilizing the IPNV VP4 (chain A of pdb: 2PNM) 

as the search model. Rigid body, and restrained refinement were performed using 

REFMAC5167, 188.   For the active site mutant, the coordinates from the native active site 

VP4 were used as a molecular replacement search model in the program PHASER166.  

Rigid body and restrained refinements were performed using REFMAC5167, 188.  Editing 

and fitting of atomic coordinates were performed using the program Coot168.   
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Table 4-1.  Data collection and refinement statistics for YAV VP4 crystals. 
a The data collection statistics in brackets are the values for the highest resolution shell. 
 
b 𝑅!"#$" =    𝐼! ℎ𝑘𝑙 − 𝐼 ℎ𝑘𝑙!!!"       𝐼!!!!" ℎ𝑘𝑙 	  ,	  where  𝐼! ℎ𝑘𝑙  is the intensity  
                    of an individual reflection and 𝐼 ℎ𝑘𝑙  is the mean intensity of that  
                    reflection. 
c 𝑅!"#(precision-‐indicating  merge)   
 =   1 𝑛!!"   −   1 ! !

!!" 𝐼!(ℎ𝑘𝑙)−    𝐼(ℎ𝑘𝑙)! 𝐼!(ℎ𝑘𝑙)!!!"   , where n is the  
     number of observed hkl reflections.  
d 𝑅!"#$% =    𝐹!"# − 𝐹!"#!   !!" 𝐹!"#!!"  , where Fobs and Fcalc are the observed and     
                  calculated structure-factor amplitudes, respectively. 
e Rfree is calculated using 5% of the reflections randomly excluded from refinement.   
 

 

 Native active site 
PDB: 3R0B 

Mutant active site 
(K674A) 
PDB: 4HHC 

   
Crystal parameters   
Space group P1 21 1 F 41 3 2 
a,b,c  (Å) 41.6, 64.3, 187.7  273.5, 273.5, 273.5  
α, β, γ (º)                                                   90.0, 95.8, 90.0  
   

Data collection statistics   
Wavelength (Å)                                                  1.5418 0.9795 
Resolution (Å)                                                  64.3 – 2.5(2.6 – 2.5)a 55.8 – 2.3(2.4 – 2.3)a 
Total reflections                                     122204  (13215) 343613 (45664) 
Unique reflections                             33009  (4043) 39388  (5637) 
Rmerge b                                                              0.088 (0.278) 0.105 (0.249) 
Rpim

 c (all I+ & I-) 0.052 (0.178) 0.037 (0.093) 
Mean (I)/σ (I)                                                        10.5  (3.8) 13.8  (6.5) 
Completeness (%) 95.9 (80.7) 100.0 (100.0) 
Redundancy 3.7 (3.3) 8.7 (8.1) 
   
Refinement statistics   
Protein molecules (chains) in A.U. 5 2 
Residues 1014 405 
Water molecules 281 354 
Total number of atoms 7920 3376 
Rcryst d / Rfree e  (%)  17.1 / 24.7 17.1/ 19.3 
Average B-factor (Å2) (all atoms) 25.3 35.5 
RMSD on angles (º) 1.454 1.742 
RMSD on bonds (Å) 0.015 0.014 
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4.2.8. Structural analysis  

 The STRIDE server was used to assign secondary structure elements 173.  The 

protein-protein interactions we analyzed using the PROTORP server 189.  The channel 

diameter was calculated using the MOLE server 35, 189-191. 

4.3. Results 

4.3.1. Self-cleavage at the YAV VP4 internal cleavage site  

Based on sequence analysis it was previously proposed that YAV VP4 protease 

(residues 509-734 of the VP2-VP4-VP3 segment A polyprotein, Figure 4-1 A, B) would 

contain an internal cleavage site (between residues 716/717) near its C-terminus, in 

addition to its primary cleavage sites at 508/509 and 734/73545.  Consistent with this 

proposal, we have observed that a truncated YAV VP4 construct (residues 509-716) with 

a C-terminal 6xHis-tag self-cleaved the tag upon incubation.  

The full-length wild-type YAV VP4 enzymes (residues: 509-734) was not possible 

to isolate due to low level expression. However the same construct with the active site 

mutation K674A was purified in high yield.  Therefore, we were able to test the ability of 

a truncated YAV VP4 with a native active site to cleave the full-length YAV VP4 protein 

at the internal cleavage site in a trans fashion. We found that the truncated YAV VP4 

(509-716) was active and fully processed the full-length YAV VP4 (residues: 509-734, 

K674A) after an over-night reaction (Figure 4-1C).  In contrast, no processing was 

observed when an active site mutant (K674A) version of YAV VP4 509-716 was used in 

the reaction (Figure 4-1C).  

In addition, we used a fluorometric peptide assay to show that the YAV VP4 

truncated at the internal cleavage site (509-716) is active.  The peptide sequence used 

corresponded to the residues:  PVQKA, which are residues 712 to 716 of the YAV 

polyprotein (P5 to P1 of the VP4 internal cleavage site).  This peptide is modified at the 

C-terminus with a 4-methylcoumaryl-7-amide group (MCA).  Upon cleavage of the amide 

bond between the MCA group and C-terminal residue, the fluorophore 7-amino-4-

methylcoumain (AMC) is released which results in a fluorescent emission signal at 470 
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nm when excited at 380 nm 192.  We found that the YAV VP4 509-716 enzyme was 

active and that it recognized and cleaved at the internal cleavage site sequence.  In 

contrast, the VP4 509-716 K674A active site mutant or the reaction buffer controls 

showed no activity (Figure 4-1D). 

4.3.2. Self-cleavage at the YAV VP4 internal cleavage site promotes 
crystallization 

As described above, the native active site version of YAV VP4 with a C-terminal 

affinity tag slowly cleaves itself after Ala716, the P1 residue for the internal cleavage site 

near the C-terminus of VP4.  The resulting processed protein produces monoclinic 

crystals with five molecules in the asymmetric unit that diffracted to 2.5Å resolution 

(Figure 4-4A).  An active site mutant version (K674A) of YAV VP4 produces cubic 

crystals with two molecules in the asymmetric unit that diffracted to 2.3Å resolution 

(Figure 4-4B).  Interestingly, crystals of the active site mutant only appear when a small 

amount of native VP4 is added to promote cleavage at Ala716.  The final refined 

structures display electron density for residues 515 to 716 in each molecule of the 

asymmetric unit.  
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Figure 4-4.  Intermolecular (trans) acyl-enzyme complex, product complex and 
empty active site. 
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Figure 4-4.   Intermolecular (trans) acyl-enzyme complex, product complex and       
empty active site (continued from last page). 

YAV VP4 protease is able to cleave at an internal cleavage site (after Ala716) near its own C-
terminus (Ala734, the VP4/VP3 junction).  Two crystal structures of YAV VP4 (with and without an 
active site mutation) reveals the internal cleavage site bound within the active site of a 
neighbouring VP4 molecule.  Analysis of the electron density within each molecule of the 
asymmetric unit reveals three different enzyme states of the protease reaction cycle (empty 
active site, acyl-enzyme and product complex).  The packing of YAV VP4 protease in the 
asymmetric unit for each structure is shown along with representative 2Fo - Fc electron density 
maps (contoured at 1 sigma) at the active site for representative types of complexes.  (A) In the 
monoclinic crystal of native active site YAV VP4, five molecules of VP4 are in the asymmetric unit 
with the C-terminus of one molecule bound in the active site of its neighbour.  The C-terminal 
carbonyl carbon of molecules D and E form an intermolecular acyl-enzyme complex (AE) with the 
active site nucleophilic serine Og of molecules C and D respectively. An enzyme-product (EP) 
complex is formed between molecule pairs E/A, A/B, and B/C.  (B) In the cubic crystal of mutant 
YAV VP4 (Lys674 general base mutated to alanine) two molecules are in the asymmetric unit. The 
C-terminal carbonyl carbon of molecule A forms an intermolecular acyl-enzyme complex (AE) 
with the nucleophilic serine Og of molecule B.  The active site of molecule A remains in the 
unbound state (E) because the C-terminus of molecule A (shown as red spheres) folded back 
onto itself instead of in an extended conformation.   

4.3.3. Overall architecture and active site  

Consistent with the theoretical isoelectric point of 4.9, the surface of YAV VP4 is 

predominantly negatively charged. The protease has a α/β protein fold consisting of 

thirteen β-strands, four α-helices and two 310-helices (Figure 4-5A).  β-strands 1-7 form 

a platform on which the binding pockets for substrate recognition are constructed. Most 

of these β-strands interact in an anti-parallel fashion.  YAV VP4 is unique in that it has a 

disulfide bridge (Cys588-Cys604) that links β-strand 5 and 6 (Figure 4-5A).  No disulfide 

bonds are observed in the other VP4 proteases. Two 310-helices (η1, η2) reside on a 

loop between β3 and β4. Strands β8, β11, and β12 form a parallel β-sheet flanked by 

three α-helices (α2, α3, α4) and a β-hairpin (β9, β10).  This region hosted the catalytic 

dyad with the serine nucleophile (Ser633) found immediately preceding α-helices 2 (α2) 

and the lysine general base (Lys674) arriving from α-helices 3 (α3).  The Lys674 side chain 

has clear electron density and is very ordered within the five molecules of the wild-type 

active site structure.  The Nζ for Lys674 has an average B-factor of 20.2 Å2. The Nζ for 

Lys674 is almost completely buried; its average accessible surface area is 3.4 Å2. The 

average accessible surface area for the 9 other lysine Nζ atoms in chain A is 52.2 Å2.  

The Nζ of Lys674 is coordinated by the Oγ1 of Thr655 which resided between β-strands 8 
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and 9, the Oγ of Ser633 (the nucleophile), the main chain carbonyl oxygen of Cys669, the 

carboxylate oxygen of Ala716 (C-terminal residue, for the product bound complexes), and 

a buried water (a proposed deacylating water)(Figure 4-6).  For the acyl-enzyme 

structures (chain C and D, Figure 4-6) the ester carbonyl oxygen (Ala716 O) is pointed 

towards the oxyanion hole (Ser633 NH), away from the general base lysine Nζ. The 

buried water, which we propose is the deacylating or catalytic water, is coordinated by: 

Thr655Oγ1, Ser633Oγ, Lys674Nζ, and Pro544O (Figure 4-6). 

 

Figure 4-5.  The YAV VP4 protein fold. 

The protein fold for a representative protein chain in the native active site structure.  (A) The 
native active site structure is shown in (A).  The β-strands are depicted as yellow arrows and α-
helices as red coils. The catalytic active site residues Ser633 (red) and Lys674 (blue) are shown as 
spheres. The cysteine residues are shown in magenta ball-and-stick.  (B) The protein fold for the 
two different VP4 conformations observed in the mutant active site (K674) structure. The C-
terminus, the main difference in the structures, is labeled.  

A) B) 

C) 
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4.3.4. Different C-terminal conformations  

In the native active site structure, each protein chain in the asymmetric unit has a 

C-terminus that is extended (Figure 4-4A, 4-5A).  In contrast, the active site mutant 

(K674A) structure reveals two separate C-terminal conformations, one that is extended 

and another conformation where the C-terminus packs against the surface of the 

enzyme (Figure 4-4B, 4-5B).  

4.3.5. Trans acyl-enzyme and enzyme-product complexes in a 
native active site  

In the asymmetric unit of the native active site structure, each substrate binding 

groove is occupied by the last six residues (residues 711-716) of the adjacent molecule, 

thus stabilizing the extended conformation for each C-terminus (Figure 4-4A, 4-5A). The 

average buried surface area between the enzyme and the neighbouring molecules is 

894 Å 2. Analysis of the electron density reveals that two of the five VP4 molecules in the 

asymmetric unit form an acyl-enzyme complex with the neighbouring VP4 molecule 

(Figure 4-4A).  The Oγ of the serine nucleophile (Ser633) is covalently linked to the 

carbonyl carbon of Ala716, the P1 residue for the internal cleavage site.  The electron 

density is consistent with a trigonal planar geometry that is expected for an ester bond 

(Figure 4-4A).   
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Figure 4-6.  Binding groove and active site interactions seen in trans acyl-enzyme 

complexes and trans enzyme-product complexes within a native 
active site of YAV VP4 protease. 

(A) The acyl-enzyme complex is shown with the substrate coloured in orange (molecule D) and 
the enzyme coloured in green (molecule C).  (B) The enzyme-product complex is shown with the 
product coloured in magenta (molecule A) and the enzyme coloured in cyan (molecule E).  The 
surface diagrams for the respective molecules are shown at the left-hand corner.  Water 
molecules are shown as cyan spheres. The hydrogen bonds are shown as dashed lines. The 
black coloured hydrogen bonds represent those that are conserved in each molecule in the 
asymmetric unit.  The red coloured hydrogen bonds are those that vary from molecule to 
molecule in the asymmetric unit, depending on the acylation state. The hydrogen bonding 
distances are given in ångströms.  

 

 

A 

B 

Acyl-enzyme complex (AE) 

Enzyme-product complex (EP) 
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4.3.5.1. Hydrogen bonding network. 

The P6-P1 residues (711-716) are stabilized by hydrogen bonding interactions in 

an anti-parallel fashion with residues 546-550 on one side of the binding groove, and 

interact in a parallel fashion with residue 627-630 on the other side of the binding groove 

(Figure 4-6).  Five of the hydrogen bonds involved in linking the C-terminus of one 

molecule to the binding groove of the neighbouring molecule are conserved in both the 

native active structure and the mutant active site structure (Figure 4-6, 4-7).  These are: 

Thr548O-Val713N, Thr548N-Val713O, Gly627N-Pro712O, Pro628O-Gln714N (via water), and 

Met630N-Gln714O (depicted in black dotted lines in Figure 4-6).  The acyl-enzyme 

complexes reveal hydrogen-bonding interactions between the P2 and P1 residues of the 

internal cleavage site with residues that line the binding groove near the catalytic 

residues. These hydrogen bonds are: Ala716O-Ser633N, Ala716N-Met630O, Lys715O-Val546N, 

and Lys715N-Val546O (Figure 4-6).  The hydrogen bond between Ala716O (P1 residue) 

and Ser633N (main chain nitrogen of nucleophile) is the one hydrogen bond observed in 

the oxyanion hole.  There are no other hydrogen-bond donors near the Ala716 carbonyl 

oxygen.  It is possible that the positive dipole of α-helix 2 (where Ser633 resides) 

contributes to the oxyanion stabilization.  

Several water molecules participated in the hydrogen bonding network within the 

substrate binding groove.  The water that bridges the main chain amide nitrogen of 

Gln714 (P3) to the carbonyl oxygen of Pro628 (Figure 4-6, 4-7) is seen in each of the 

observed reaction steps.  A water that bridges Glu550N to Leu711O is only observed in the 

acyl-enzyme complexes.  A water molecule bridges the hydrogen bond between the Oγ 

of Thr548 to the carbonyl oxygen of Val546 and the amide nitrogen of Lys715, in some of the 

acyl-enzyme and enzyme-product complexes (Figure 4-6). The most interesting water 

seen in the enzyme-product complexes is the one that resides within the oxyanion hole 

(Figure 4-6B).  This water, which is displaced in the acyl-enzyme complex, makes 

hydrogen bonding interactions with the carboxylate oxygen of Ala716 (P1 residue), the Oγ 

and main chain nitrogen of Ser633 (nucleophile), and the main chain carbonyl oxygen of 

Met630 (Figure 4-6B). 
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Figure 4-7.  YAV VP4 protease structure with a mutant active site (K674A) reveals 
a comparison of acyl-enzyme complex and empty substrate binding 
groove. 

(A) The acyl-enzyme complex is shown with the substrate coloured in magenta (molecule A) and 
the enzyme coloured in green (molecule B).  (B) The empty-enzyme structure (molecule A, 
magenta) is shown.  The surface diagrams for the respective molecules are shown at the left-
hand corner.  Water molecules are shown as cyan spheres.  The hydrogen-bonds are shown as 
black dashed lines. The hydrogen bonding distances are given in ångströms.  

 B 

 A Acyl-enzyme complex (AE) 

Empty enzyme (E) 
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4.3.5.2. Substrate specificity pockets. 

The major substrate specificity pockets are the S1 and S3 (Figure 4-6, 4-7). 

Residues: Ile543, Pro544, Val545, Leu561, IIe563, Ile592, Ala629, Met630, Gly631, Pro632, Ser633 

and Cys634 form a continuous surface (the S1 pocket) for the binding of the P1 residue 

side chain (Ala716).   Residues: Val545, His547, Ser559, Leu560, Leu561, Gln576, Gly591, Ala607, 

Leu608, Pro609, Val624, Phe625, Ala626, Gly627, Pro628, and Ala629 form a continuous surface 

(the S3 pocket) for the binding of the P3 residue side chain (Gln714).  A cleft that is open 

on one side accommodated the P5 residue (Pro712).  The side chain of Leu711 (the P6 

residue) points into a shallow pocket near the end of the substrate binding groove. There 

are no binding pockets for the P2 and P4 residues as their side chains are pointing away 

from the substrate binding groove.   
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Figure 4-8.  Changes in substrate specificity binding pockets between bound and 
unbound states. 

The active site mutant of YAV protease crystallized with two molecules in the asymmetric unit, 
one molecule in the bound state (acyl-enzyme) and the other with an empty active site.  (A) A 
superposition of the residues that make up the substrate binding groove of YAV VP4 protease in 
the empty (black) and bound state (salmon) are shown.  The position of the S1 and S3 binding 
pockets are denoted by open black circles.  The solvent accessible surfaces for the empty (B) 
and the bound states (C) of the VP4 substrate binding pockets are shown. 

 

 

A) 

B) C) 
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4.3.6. Substrate binding groove: empty vs. bound  

The crystal structure of the active site mutant of YAV VP4 reveals an acyl-

enzyme complex and an empty active site in the same asymmetric unit (Figure 4-8). 

This gives us the opportunity to observe structural differences within the substrate 

binding groove during these distinctly different enzyme states.  One difference is seen in 

the loop between β-strands 2 and 3, and resides adjacent to the substrate binding 

groove (Figure 4-5).  In the absence of a bound peptide (P6-P1 from the neighbouring 

molecule), this loop is more disordered with clear density observed only for the main 

chain atoms.  With bound peptide, this turn became ordered and showed clear density 

for both main chain and side chain atoms.  Another clear difference between the bound 

and unbound states of VP4 is seen within the S3 specificity binding pocket (Figure 4-8). 

The side chains of His547 and Val545 both show a change in rotamer conformation which 

results in a larger S3 binding pocket in the bound state (Figure 4-8).  The main chain 

atoms that make up the rim of the S3 pocket have also moved to widen the opening in 

the bound state. 

4.3.7. Aqueous channel leads to active site  

Surprisingly, the S1 binding pocket in YAV VP4 is not fully enclosed within the 

acyl-enzyme or product complex structures; rather it is open to the surface of the 

enzyme via a channel (Figure 4-9).  This fenestration leads from the protein surface, 

adjacent to the substrate binding groove, to an area near the proposed deacylating 

water within the active site. The channel is formed by residues: Ile592, Ala629, Met630, 

Gly631 and Cys634.  The interior of the channel is filled with hydrogen bond donors and 

acceptors.  In the native active site structure, no water molecules are found within the 

channel but ordered water molecules are coordinated at the entrance near Glu594, 

Asp595, Gly631 and Gln635.  In the active site mutant structure, water molecules are found 

throughout the channel in the VP4 with the empty binding groove but are absent in the 

acyl-enzyme containing VP4.  Superposition of these molecules reveals no significant 

change in the position of the residues that form the channel.  The narrowest point in the 

channel has a diameter of 2.2 Å.  Although the diameter of a water molecule is 

approximately 2.8 Å, there are examples of water channels with narrow passage ways of 

approximately this dimension. For example, a selectivity filter of around 2 Å in diameter 
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has been reported in E. coli aquaporin Z, a water channel protein 193, 194.  It is possible a 

deacylating (catalytic water) could utilize such a channel to position itself in the correct 

trajectory for attack on the ester bond of the acyl-enzyme. 

 

Figure 4-9.  A channel leads to the active site of YAV VP4 protease. 

A channel (red surface) found adjacent to the substrate binding groove, leads from the enzyme 
surface to the S1 substrate binding pocket.  

 

4.4. Discussion 

4.4.1. Ser633 is the YAV VP4 nucleophile, but could Thr655 Oγ  
function as a nucleophile in the absence of Ser633 Oγ  ? 

The Ser/Lys catalytic dyad mechanism is conserved among all Birnavirus VP4 

proteases so far studied.  Therefore based on sequence alignments, Ser633 and Lys674 

were predicted to be the nucleophile and general base respectively in YAV VP4 43, 45, 195. 
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Consistent with these predictions, in a previous mutagenesis study the processing of the 

YAV segment A polyprotein was completely abolished when Lys674, the proposed 

general base, was mutated to an aspartic acid45.  In addition, we show here that 

mutating Lys674 to alanine also produces a dead enzyme.  However, previous 

mutagenesis experiments did not conclusively show that Ser633 plays the role of the 

nucleophile.  Both pVP2/VP4 and VP4/VP3 fragment from the YAV segment A 

polyprotein were detected when Ser633 was mutated to a proline. Interestingly, similar 

results were also seen in IBDV mutagenesis experiments 1, 196.  Our crystal structures of 

YAV VP4 trans acyl-enzyme complexes clearly support the initial hypothesis of Ser633 

being the nucleophile and Lys674 serving as the general base.  The acyl-enzyme 

complexes directly reveal electron density linking the Oγ of Ser633 to the carbonyl carbon 

of Ala716 (the P1 residue of the internal cleavage site) (Figure 4-4).  

Interestingly, Thr655 is the only titratable residue, beside Ser633, within the vicinity 

of the general base Lys674 (Figure 4-4, 4-6 and 4-7).  A serine or threonine is observed 

in a similar position in all other known proteases utilizing a Ser/Lys mechanism197.  If it 

were possible for the hydroxyl of Thr655 to function as the nucleophile in the absence of a 

Ser633 hydroxyl, this would put the attack on the scissile bond in the opposite direction 

(re- rather than si-).  This would also possibly affect the deacylation step, potentially 

allowing for a single cleavage event and explaining the pVP2/VP4 and VP4/VP3 

precursors still being observed for the S633P mutant. 

4.4.2. Interpreting mutagenesis results for non-catalytic residues  

Previous studies showed that site-directed mutations in YAV VP4 non-catalytic 

residues affect polyprotein processing 45.  A cleavage product that was slightly smaller 

than the YAV segment A polyprotein was observed when Ile543 was mutated to a glycine. 

The side chain of IIe543 makes up part of the S1 binding pocket (Figure 4-10).  Replacing 

IIe543 with a smaller residue like glycine would enlarge the S1 pocket and allow for 

bulkier side chains to bind. Since S1 and S3 are the major specificity pockets present in 

the binding groove, such a mutation in the S1 might alter the substrate specificity.  Thus, 

the enzyme is likely to remained functional but with the ability to cleave the polyprotein at 

a wider variety of location. In a V686Q mutant, both the polyprotein and pVP2 were 

observed45.  This suggested the cleavage at the VP4/VP3 junction was affected. 
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Residue Val686 does not lie in the active site nor does it reside near the substrate 

specificity pockets.  Instead, it is located adjacent to the C-terminal α-helix with its main 

chain carbonyl oxygen forming a hydrogen bond with the amide nitrogen of Thr655, a 

residue that coordinated the Nζ of the general base45.  The main chain interaction at this 

position is observed in all other VP4 structures solved to date24, 26, 195.  Since this mutant 

still generated a fragment consistent in size to pVP2, it is unlikely that it affected the 

catalytic dyad.  Amino acid sequence alignment analysis revealed that uncharged 

residues such as valine, isoleucine, leucine, and alanine are found at this position in 

other birnaviruses.  Replacement of Val686 with a more polar residue like glutamine could 

affect the packing around the C-terminus, the substrate at the VP4/VP3 junction.  

Moreover, Leu705 which resided on the conserved α-helix 4 near the C-terminus is 

located across from Val686.  The proper packing of this last α-helix is likely required for 

the appropriate presentation of the VP4/VP3 cleavage site. 
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Figure 4-10.  Mapping of non-catalytic residue site-directed mutants that affect  
catalysis. 

The VP4 active residues directly involved in catalysis are shown as spheres (Ser633, Lys674, 
Thr655).  Polyprotein cleavage assays conducted by Imajoh et al. 45 have shown that non-catalytic 
residue mutations I543G and V686Q can significantly affect catalysis (shown as magenta 
spheres). 

 

4.4.3. Cis vs. trans cleavage at the YAV VP4 internal cleavage site  

All of the molecules in the crystal structures presented here reveal intermolecular 

(trans) associations between cleavage site and active site.  But is this what happens in 

solution?  In solution, the internal cleavage site processing likely only occurs via an 

intermolecular (trans) reaction in that Ala716 would not be able to reach the active site in 

an intra-molecular (cis) fashion without significant unfolding of secondary structure.  The 

previous TV-1 VP4 structure, which does not have an internal cleavage site, reveals that 

the VP4/VP3 cleavage site (734/735 in the YAV polyprotein sequence) is just long 

enough to form the intramolecular (cis) acyl-enzyme complex195, but the corresponding 

residue to 716 in YAV is too short to allow for intramolecular (cis) cleavage.  The 
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intermolecular processing of the internal cleavage site is further supported by our trans-

cleavage assay of the full-length YAV VP4 and our observation that the active site 

mutant enzyme (K674A) would not crystallize until a small amount active wild-type 

enzyme was added which allowed for cleavage at the internal cleavage site of the 

inactive mutant enzyme.  

How do these intermolecular acyl-enzyme complexes in VP4 protease form and 

why are they stable enough to be seen in the crystal structure?  With the mutant 

enzyme, we needed to add a small amount of wild-type enzyme to cleave at the internal 

cleavage site before crystals would form.  This suggests that the internal cleavage site 

product is presented to the VP4 substrate binding groove and the reaction is being turn 

backwards one step to form the acyl-enzyme.  With the general base absent, there 

would be no suitable deprotonated functional group in the vicinity to activate the 

deacylating water, thus stabilizing the acyl-enzyme complex.  It is not easy to explain 

how the acyl-enzyme is stabilized in the native active site enzyme.  The crystals were 

formed at pH 6.5, most likely well below the pKa of the lysine general base, possibly this 

slowed the deacylation step.  It is also possible that the internal cleavage site might be a 

regulatory mechanism for the VP4 protease.  The glutamine found at the P3 position of 

the internal cleavage site is significantly longer and more polar than the residue seen at 

the P3 position at the pVP2/VP4 and VP4/VP3 cleavage sites (Ser506 and Thr732 

respectively).  This allows for the Gln714 to make multiple hydrogen bonding interactions 

with residues at the bottom of the S3 pocket. It is possible these additional interactions 

slow the release of the internal cleavage site from the VP4 binding groove and therefore 

act as an internal inhibitor that functions after the main cleavage sites are processed. 

Interestingly, there have been previous reports of VP4 self assembles into tubules 138.   

4.5. Conclusion 

In this study we have shown that YAV VP4 contains an internal cleavage site 

(716/717) near its C-terminus (residue 734).  We have shown that the resulting truncated 

VP4 is still active. We present for the first time the structure of a Ser/Lys protease trans 

acyl-enzyme complex with a native substrate and native active site.  The acyl-enzymes 

structure proves directly the role of Ser633 as the nucleophile in the YAV VP4 reaction 
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mechanism.  A structure of a YAV VP4 mutant with the lysine general base changed to 

alanine is also presented.  Together the two structures reveal the substrate binding site 

for this protease in three separate stages of the protease reaction cycle: empty active 

site, acyl-enzyme complex and enzyme-product complex.  This structural insight helps 

interpret mutagenesis results and will be of value in the design of anti-birnavirus 

compounds and in the basic understanding of the Ser/Lys dyad catalytic mechanism.  In 

addition, we have discovered that this protease contains a unique feature: a channel that 

runs adjacent to the substrate binding groove that leads to the proposed deacylating 

water.  
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5. Concluding remarks 

5.1. Contribution of thesis project 

5.1.1. Capturing interactions at the polyprotein cleavage sites. 

The proper processing of the polyprotein is required for the assembly of 

birnavirus.  We have successfully captured the cleavage at the VP4/VP3 cleavage site in 

TV-1 VP4 in form of an acyl-enzyme complex and at the internal cleavage site in YAV 

VP4 in forms of an empty enzyme, acyl-enzyme and enzyme-product complexes.  We 

proposed that TV-1 VP4 is a good candidate for capturing an intramolecular (cis) acyl-

enzyme complex as its C-terminus (i.e. VP4/VP3 junction) is long enough to reach its 

own serine nucleophile and it does not have an internal cleavage site to compete for the 

active site.  Indeed, the crystal structure of TV-1 VP4 showed clearly that the serine 

nucleophile of TV-1 VP4 formed an ester bond of trigonal planer geometry with the last 

residue of its own C-terminus (i.e. VP4/VP3 junction) as expected from an acyl-enzyme 

complex.  The structure revealed clear continuous electron density for the linkage 

between the nucleophile serine Oγ and the main chain carbonyl carbon of the last 

residue, with full occupancy.  This shows directly that cleavage at the VP4/VP3 junction 

can occur intramolecularly (cis).   I also sought out to confirm the presence of a 

previously proposed internal cleavage site in YAV VP4.  Its presence was confirmed by 

1) capturing it as an intermolecular (trans) acyl-enzyme complex, 2) showing cleavage of 

a MCA-fluorometric peptide substrate carrying the sequence of the internal cleavage site 

and 3) showing cleavage of the full-length VP4 into a fragment consistent with the size of 

VP4 truncated at the internal cleavage site.  The crystal structure of the lysine mutant 

yielded both an empty enzyme and an acyl-enzyme complex.  This has allowed us to 

compare the structural changes upon substrate binding.  The presence of the 

substrate/product also allowed us to identify the specificity pockets and analyse the 

interactions in the substrate binding grooves (e.g. oxyanion hole, deacylating waters, 

and hydrogen bonding network within the active site and substrate binding groove).  The 
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native active site structure reveals clear electron density for a mix of both product bound 

complexes and acyl-enzyme complexes.  One of the biggest accomplishments in this 

thesis is that I have managed to elucidate the structure of acyl-enzyme complex for both 

YAV VP4 and TV-1 VP4 in the presence of a native active site. This has never been 

accomplished before.  The previous IPNV acyl-enzyme structure was solved by using a 

construct with the lysine general based mutated to an alanine, which helped stabilize the 

acyl-enzyme. 

5.1.2. Capturing the intermediate steps in reaction mechanism of 
VP4 proteases. 

One of our initial hypotheses is that VP4 proteases from birnavirus might have a 

high propensity to form acyl-enzymes and might be used as models for the study of acyl-

enzyme and enzyme-product complexes.  Consistent with this, acyl-enzyme complexes 

were found in all VP4 structures with the substrate/product bound (e.g. IPNV, YAV and 

TV-1).  In addition to the acyl-enzyme complexes, an empty enzyme and product-

enzyme complexes have also been captured in YAV VP4. Acyl-enzyme complexes were 

formed in the presence of native and lysine mutant active sites in VP4 proteases.  All 

acyl-enzyme complexes were captured at pH values below the theoretical pKa of lysine, 

which potentially maintained the lysine in the protonated state and prevented it from 

activating the deacylating water.  Perhaps, the high local effective concentration of the 

product helped to drive the reaction in a reverse direction. In the case of the active site 

mutant structures, the absence of a lysine general base would have prevented the 

deprotonation of the deacylating water resulting in the stabilization of an acyl-enzyme 

complex.  Although we do not know the actual pKa values for the catalytic residues at 

each stage of the reaction, we might assume that the pKa of the would-be deacylating 

water is likely to be higher than that of the nucleophilic serine hydroxyl, it is possible that 

the low pH prevented or decreased the activation of the deacylating water in the native 

active site.  In the case of the TV-1 structure, a sulphate ion was bound within a 

positively charged pocket just adjacent to the lysine general base.  It is possible that the 

ionic interaction between the sulphate the ε-amino group of the general base stabilized 

the protonated form of the general base and prevented it from activating the deacylating 

water.  No other VP4 structures have a similar sulphate binding site. 
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5.1.3. Capture the first intramolecular (cis) acyl-enzyme complex of 
a viral protease in PDB. 

As discussed in Chapter 1, structural information gained from acyl-enzyme 

complexes can be used for inhibitor design.  However, acyl-enzyme complexes are 

transient species in the catalytic mechanism and are difficult to capture.  Many of the 

acyl-enzyme structures reported for serine-utilising hydrolases are enzyme-inhibitors 

complexes.  In 1992, Strynadka et al. reported an acyl-enzyme intermediate structure of 

Penicillin G and RTEM-1 β- lactamase from E. coli 198.  In 2002, Katona et al. reported 

an acyl-enzyme structure of porcine pancreatic elastase with an N-acetylated tripeptide 

inhibitor176.  Interestingly, VP4 proteases form acyl-enzyme complexes with their native 

substrates, the internal cleavage site in IPNV and YAV and with the VP4/VP3 junction in 

TV-1 as reported here.  A search in the PDB revealed that VP4 proteases constitute all 

of the acyl-enzyme complexes reported for viral proteases.  The VP4s from IPNV and 

YAV form intermolecular (trans) acyl-enzyme complexes.  This makes the intramolecular 

(cis) acyl-enzyme complex of VP4 from TV-1 the only viral protease structure of this kind 

in the PDB and will be of value to all those interested in viral poly-protein processing and 

those interested in understanding acyl-enzyme formation and covalent catalysis in 

general. 

 

5.2. Future studies 

5.2.1. The importance of residues downstream of the scissile 
bond. 

The substrate / product bound structures of VP4 have revealed how the enzymes 

interact with the substrates up to the P1 residue at the cleavage site.  Residues 

downstream of the scissile bond also show some degree of conservation.  Given that 

YAV VP4 cleaved a MCA-peptide substrate that lacked these residues, they do not 

appeared to be essential for recognition.  FRET-based peptide cleavage assay can be 

carried out to determine how changes on the P' side of the substrate affect the rate of 

the reaction 199. 



 

127 

 

5.2.2. Involvement of VP4 in pVP2 processing. 

Protease VP4 cleaves the polyprotein at the primary cleavage sites (i.e. 

pVP2/VP4 and VP4/VP3 junctions).  In IBDV, the autoproteolytic activity of pVP2 was 

shown to be responsible for the final cleavage that gives rise to the mature capsid 

protein VP2 2.  The S1 and S3 binding pockets are the major determinant of substrate 

specificity.  In spite of this, the P1 and P3 residues at this cleavage site are the same as 

that at the VP4/VP3 junction, a known target of VP4 protease.  The same can be said for 

DXV, IPNV and TV-1.  In this regard, a question remains as to whether similar strategies 

are employed by the other birnaviruses to process pVP2.  If this is true for other 

birnaviruses, how does VP4 distinguish between this site and the primary cleavage 

sites?  Perhaps, it is dependent on the sequence at which the sites are exposed to VP4 

as pVP2 processing was reported to happen later in virion assembly80.  Other cleavage 

sites exist within the pVP2 region, comparison of these cleavage sites with the primary 

cleavage sites (i.e. pVP2/VP4 and VP4/V3 junctions) revealed that they again share 

similar residues at the P1 and P3 positions.  Hence, VP4 was proposed to process pVP2 

at these sites but such processing is yet to be confirmed 1,25.  Indeed, VP4 has been 

found to associate with the virion 70.  A MCA-peptide assay with peptides carrying 

sequences of these sites can be used to determine if they are targets of VP4 protease.  

5.2.3. Enzyme-substrate interactions at the pVP2/VP4 junction. 

To date, all the substrate/product bound structures of VP4 are either at the 

internal or VP4/VP3 cleavage sites.  In the intermolecular acyl-enzyme structures of 

IPNV and YAV, the C-termini (i.e. the substrate/product) are extended and bound into 

the active site of an adjacent molecule.  In contrast, the intramolecular acyl-enzyme 

structure of TV-1 showed that the C-terminus wrapped around the parameter of enzyme 

before entering the substrate binding groove.  The way in which the substrate presents 

itself at the pVP2/VP4 cleavage site remains to be elucidated.   A crystal structure of a 

construct that spans pVP2 and VP4 but with the lysine general base mutated to an 

alanine might give insight to this complex.  
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5.2.4. Capturing other intermediate steps in the reaction 
mechanism. 

Here we show that we can capture the empty enzyme, acyl-enzyme and product-

enzyme complexes.  Transition state analogs would be required to trap the transition 

states.  Active site or cleavage site mutations will be required to trap the substrate-

enzymes complexes. 
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Appendix A.  
 
Standard curve of  HiPrep 26/60 Sephacryl S-100 high 
resolution. 

  MW 
(KDa) 

Log 
MW 

Elution 
vol. 

Ve-Vo Vt-Vo Kav * 

Blue dextran     97.02   222.98   
Albumin 67 1.8261 115 18   0.081397 
Ovalbumin 43 1.6335 129 32   0.145574 
Chymotrypsinogen A 25 1.3979 160 63   0.282581 
Ribonuclease A 14 1.1367 181 84   0.378106 

 

Table A. Protein standard in the Amersham Bioscience's LMW Calibration Kit and 
values used in constructing the standard curve.  

 

 * The Kav is calculated using the following equation: 

𝐾𝑎𝑣 =
𝑉𝑒 − 𝑉𝑜
𝑉𝑡 − 𝑉𝑜

 

  where Ve is the elution volume of the protein 

             Vo is the void volume (the elution volume of blue dextran) 

             Vt is the total bed volume 
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Figure A.  Standard curve of HiPrep 26/60 Sephacryl S-100 high resolution  
column. 

The standard curve was constructed by running proteins of known molecule weight (MW) and 
blue dextran (Amersham Bioscience's LMW Calibration Kit, Table A) on a HiPrep 26/60 
Sephacryl S-100 high resolution column.  The column was connected to an ÄKTA PrimeTM 

system (Pharmacia) and the flow rate was 1 mL/min.  The loop size was 5 mL and the injection 
volume was 3 mL.  The concentration of blue dextran was 1 mg/mL and each of the protein 
standards has a concentration of 3 mg/mL.  The elution volumes are plotted as Kav on the X axis 
and the Log of MWs are plotted on the Y axis.  The equation for the standard curve is shown in 
the green box.  
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