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Abstract 

ATP-driven motors exist globally in almost all prokaryotic and eukaryotic organisms. The 

motors in viruses are essential for viral replication and assembly. In this thesis, two ATP-

driven nucleic acid motors from viruses were studied: a DNA packaging ATPase present in 

Thermus thermophilus phage phiKo and an NS3 helicase from Zika virus. 

The production and purification of the DNA packaging ATPase (gp14) from the phage phiKo 

was investigated. The purified gp14 protein was crystallised for determination of the native 

structure as well as the complexes with several non-hydrolysable ATP analogues, representing 

a precise picture of the ATP hydrolysis cycle. Structural analysis reveals that gp14 possesses 

an FtsK-like fold and likely translocates DNA similarly to other FtsK/HerA superfamily 

translocases. Moreover, an additional catalytic sensor residue from the adjacent subunit is 

required for ATP hydrolysis and protein assembly. The appropriate assembly of gp14 may be 

achieved by co-assembling with an auxiliary protein component into a higher-order hetero-

oligomer complex. Further characterisations, including thermal unfolding, ATPase activity 

and DNA binding assays elucidate that gp14 is thermodynamically stable, but its ATPase 

activity decreases over time.   

The purified Zika virus NS3 helicase (NS3h) was crystallised in its apo form and as complexes 

with several nucleotides, including pre-hydrolysis substrate, transition state, and post-

hydrolysis product analogues, as well as in a complex with a single-stranded RNA (ssRNA) 

segment containing a 5’ phosphate. The structural observations illustrate how a catalytically 

important motif mediates the coupling of ATP hydrolysis with RNA translocation. Due to the 

transition state analogue ADP-MgF3(H2O)- not being observed before, this complex structure 

was subjected to careful examination by crystallography and 19F NMR. Further functional 

characterisations, including protein stability, RNA binding and ATPase activity assays, 

demonstrate this NS3 helicase possesses weak RNA-binding mode and its ATPase activity 

can be stimulated by ssRNA.   
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1 Introduction 

1.1 Viruses  

Generally, a complete virus particle, known as a virion, consists of a nucleic acid genome 

enclosed by a protein shell, named a capsid. Viruses have either RNA or DNA as their genetic 

material. The nucleic acid may be single- or double-stranded. Viruses can encode various 

numbers (from 4 to ~ 200) of proteins and can infect susceptible cells and direct the cell 

machinery to produce more viruses but cannot self-reproduce. The host cell range that a virus 

can infect is usually restricted and serves as a basis for classifying viruses. Viruses that infect 

only bacteria are called bacteriophages, or simply phages, while viruses which can infect 

animal or plant cells are generally called eukaryotic viruses (1). 

1.1.1 Bacteriophages 

Bacteriophages exist widely in the ecosphere, and the total numbers may exceed 1030 virions 

(2, 3). The majority of phages are composed of protein and nucleic acid with a head-tail 

morphology. Polyhedral, filamentous or pleomorphic phages comprise less than 4% of the 

bacteriophage population including both number and species, and a minority of these, 

including Tectiviridae family phages, have a lipid component in addition to nucleic acid and 

proteins (4). Notably, there are two energy-dependent genome packaging strategies recruited 

by these phages, i.e. the portal-terminase and FtsK/HerA type packaging systems, as described 

in section 1.2.1 below. The tailed dsDNA bacteriophages and their evolutionary related 

eukaryotic viruses, such as Herpesviruses, package their genomes similarly using the portal-

terminase type genome packaging system (5). The lipid containing Tectiviridae phage utilises 

the FtsK/HerA type packaging system for packaging genome into the pre-formed procapsids. 

More importantly, the same FtsK/HerA type packaging system is recruited by a larger group 

of eukaryotic dsDNA viruses, nucleocytoplasmic large DNA viruses (NCLDVs), including 

giant viruses and Poxviruses (6–8). The evolutionary similarities indicate the importance of 

the study of these FtsK/HerA type packaging system containing phages. 

Generally, DNA bacteriophages can be classified into three groups in terms of their genome 

type, size and virion morphology (9–11). The first group comprises tailed double-stranded (ds) 

DNA phages containing a larger genome ranging from ∼	16 kb to ∼	500 kb; the group includes 

the Podoviridae, Siphoviridae and Myoviridae families (Figure 1-1). The second group contain 

ssDNA phages possessing smaller genome ranging from approximately 3.5 kb to 10 kb; it 

includes the Leviviridae, Microviridae and Inoviridae families (Figure 1-1). The third group 

is comprised by bacteriophages that have no protein tail attached to the mature virion and 

contain a middle-sized dsDNA genome (ranging from ∼	10 kb to 16 kb); this group includes 
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Corticoviridae, Plasmaviridae and Tectiviridae families (Figure 1-1). Phages belonging to 

these families are lipid-containing, and the lipids can be either forming the outer layer of the 

virion or be located internally, enclosed within the virus capsids (4). The phage capsids usually 

have icosahedral symmetry with the exception of filamentous (Inoviridae family) or 

pleomorphic (Plasmaviridae family) phages (Figure 1-1) (2).  

 

Figure 1-1 Several DNA bacteriophage families. 

Figure panels were reproduced and collated, with permission, from ViralZone (12) 

(www.expasy.org/viralzone, SIB Swiss Institute of Bioinformatics). 

 

Tectiviridae family 

Tectiviridae (from Latin ‘tectus’, meaning covered) family bacteriophages feature a linear 

unit-length dsDNA genome and a protein-associated internal lipid-membrane, which is 

enclosed within an icosahedral protein capsid. The Enterobacteria phage PRD1 is a well-

studied member of the Tectiviridae family (13). The major coat protein of phage PRD1 forms 

an icosahedral shell with a pseudo T = 25 lattice (14). The major coat protein monomer is 

folded into two eight-stranded b-barrels (the jelly-roll fold), with the loops between the b-

strands facing the virion exterior. The minor coat protein dimers stretch out from one vertex 

to another cementing the major coat protein facets together (15). The majority of the vertices 

are occupied by flexible spikes composed of the receptor-binding protein, the spike protein 

and the penton protein (16). The spike complex is anchored to the membrane via 

transmembrane proteins (4). The virions are normally tailless, where the viral membrane is 
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transformed into a tubular structure used for genome delivery upon infection (17). One vertex 

of the mature virion differs from others and is used for the phage DNA packaging during virion 

assembly. This packaging vertex contains the packaging ATPase and three other proteins, 

including two membrane-associated proteins (9, 17). The packaging ATPase in Tectiviridae 

phage PRD1 is a structural protein and remains associated with the mature virion (18). This 

packaging ATPase and other packaging associated protein form a dodecameric portal complex 

external to the inner membrane, surrounded by ten major capsid protein trimers (14).  

1.1.2 Single-stranded RNA viruses 

Single-stranded RNA (ssRNA) viruses are viruses that utilise ssRNA as their genetic material. 

In virology, a positive-sense (5’ to 3’) viral RNA signifies that a particular viral RNA sequence 

may be directly translated into the coded proteins. Eight eukaryotic virus families are known 

to possess single-stranded, positive-sense RNA genomes. These include Picornaviridae, 

Astroviridae, Caliciviridae and Hepeviridae families containing non-enveloped capsids, as 

well as Flaviviridae, Togaviridae, Arteriviridae and Coronaviridae families containing 

enveloped capsids. Viruses from these eight families use their own genomes as messenger 

RNAs (mRNAs), from which they synthesise one or several polyproteins that are subsequently 

cleaved into individual proteins by viral or cellular proteases. The RNA replication of these 

viruses is catalysed by an RNA-dependent RNA polymerase (RdRP). This RdRP transcribes 

the positive RNA strand as well as the complementary negative RNA strand which arises as 

an intermediate product of genome replication. The initial transcription product of the RdRP 

is a double-stranded complex of the negative strand intermediate with the infecting positive-

strand RNA. During this process, the new genomic RNA molecules are generated from the 

second transcription step (19).  

Flaviviridae family 

Flaviviridae (from the Latin ‘flavus’, meaning yellow) family viruses are positive-sense, 

single-stranded, enveloped eukaryotic RNA viruses with genomes that comprise 

approximately 9 - 13 kb genomic RNAs. The virions are spherical with diameters of 40 - 60 

nm and contain an external lipid envelope (Figure 1-2). Viral proteins are produced as part of 

a single long polyprotein that is cleaved by a combination of host and viral proteases. The 

structural proteins are encoded within the N-terminal portion of the polyprotein with the non-

structural (NS) proteins present in the remainder of the polypeptide, as described in below 

section 1.2.3.2.  
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Figure 1-2 Virion of Flaviviridae family member Zika virus. 

The external lipid envelope is shown as the blue layer. This figure was adapted with 

permission from ViralZone (12) (www.expasy.org/viralzone, SIB Swiss Institute of 

Bioinformatics). 

 

The Flaviviridae family is comprised of four genera: Flavivirus (with 53 species); Hepacivirus 

(with 14 species); Pegivirus (with 11 species) and Pestivirus (with 4 species) (20), all having 

somewhat different characteristics. Virion of this family member has a single, small basic 

capsid (C) and two (in Flavivirus, Hepacivirus and Pegivirus) or three (in Pestivirus) 

membrane-associated envelope proteins. The Flavivirus genome consists of a 5’ type-1 RNA 

cap structure (5’ CAP1, me7-GpppA-me2) (21, 22), whereas the Hepacivirus lacks the 5’ 

CAP1 structure (21, 22). In addition, the Flavivirus has seven non-structural proteins, NS1, 

NS2A, NS2B, NS3, NS4A, NS4B and NS5, while the Hepacivirus polyprotein comprises six 

non-structural proteins, NS2, NS3, NS4A, NS4B, NS5A and NS5B (22). Nevertheless, the 

non-structural proteins contain characteristic sequence motifs of the serine protease, RNA 

helicase and RNA-dependent RNA polymerase (RdRP) that are encoded at similar locations 

in the genomes of all genera (20, 23). Although helicase activities have been demonstrated or 

predicted for proteins of numerous positive-strand RNA viruses, their precise role in RNA 

replication remains unclear. 

Several members of the Flavivirus and Hepacivirus genera affect human health, making a 

substantial impact on human population. Flaviviruses cause acute and self-limiting human 

infections, for instance, Zika virus has recently spread worldwide, and its infections have been 

linked to Guillain-Barré syndrome in adults and multiple neurodevelopmental defects in 

infants (24). Hepatitis C virus (HCV), the prototypic Hepacivirus, causes both acute and 

chronic infections and is the primary human pathogen causing chronic liver disease worldwide 

(25). 
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1.2 Virus replication and assembly  

Viral replication is the formation of new virions during the infection process in the host cells. 

A virion is an entire virus particle consisting of an outer protein shell called a capsid and an 

inner core of nucleic acid, as mentioned in section 1.1. A virus cannot replicate its genome 

and synthesise viral proteins without the machinery and metabolism of a host cell. Viral 

replication is highly varied and depends on the type of genes encoded by the viruses. In general, 

viral replication can be subdivided into several steps: absorption and entry, viral genome 

replication, viral protein synthesis, as well as virion assembly and release. Virus assembly is 

a vital process during which the newly synthesised genomes (nucleic acids) and proteins are 

assembled to form new virus particles. For most enveloped viruses, virus assembly takes place 

either in the nucleus, cytoplasm or at the plasma membrane of the host cell. 

1.2.1 Viral genome packaging systems 

Viral genome packaging systems can be tentatively divided into three large groups based on 

the strategy employed and the relationship of the components: (i) energy-independent 

packaging system (condensation), where viruses perform genome packaging via protein-

protein or protein-nucleic acid interactions in an energy-independent way. Human 

immunodeficiency virus (HIV) and Flavivirus are examples of this type of packaging system; 

(ii) portal-terminase system, in which virion possesses a unique vertex with a ring-shaped 

portal protein and a terminase that packages genome into the preformed capsid in an ATP-

dependent manner. This type of packaging system is found in icosahedral dsDNA and dsRNA 

bacteriophages and Herpesviruses; (iii) FtsK/HerA-type genome packaging system (26–28). 

Viruses belonging to the last group package dsDNA using a conserved FtsK/HerA-like 

packaging ATPase, the motor assembly that is used by nucleocytoplasmic large DNA viruses 

(NCLDVs) and dsDNA bacteriophages belonging to the Tectiviridae family (6–8), as 

mentioned in section 1.1.1. The DNA packaging ATPases share the conserved FtsK/HerA fold 

(6, 8), suggesting that they may translocate dsDNA in a similar manner to other FtsK/HerA 

superfamily DNA translocases. 

1.2.2 Phage replication and assembly 

The Tectiviridae family bacteriophages can be classified into two major genera, according to 

the types of their host cells. The first group of phages, including PRD1, infect gram-negative 

bacteria, and the second group of phages, such as Bam35, infect gram-positive bacteria (29). 

Phage phiKo, studied in this thesis, infects gram-negative bacterium, Thermus thermophilus 

HB27 (30). Therefore, the replication and assembly of phages that infect gram-negative 

bacteria are discussed only in this thesis. 
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For the tailless Tectiviridae bacteriophage that infects gram-negative bacterium, the host cell 

is selected by specific recognition of a receptor on the host cell surface. In Tectivirus PRD1, the 

DNA delivery protein P11 binds to the host outer membrane and is responsible for the outer 

membrane (OM) penetration (31). The lytic trans-glycosylase protein P7 is an integral viral 

membrane protein and probably responsible for peptidoglycan digestion (31). Then, several 

unidentified viral DNA delivery proteins are transferred onto the cytoplasmic membrane (CM) 

to facilitate penetration (31). After absorption, the phage genome is injected into the cell 

cytosol, leaving the capsid outside (4, 13). Viral genomes and protein components are then 

synthesised in the cytoplasm of the host cells, and the viral membrane associated proteins are 

incorporated into the host cell membrane to form the viral inner membrane portion (14). 

After the formation of each viral component, phage assembly begins. In general, there are 

three major steps in dsDNA phage assembly: (i) synthesis of the protein components and 

procapsid formation, (ii) viral genome encapsidation (genome packaging) and (iii) virion 

maturation. 

1.2.2.1 Procapsid formation 

In tailless Tectiviridae family viruses, such as PRD1, the synthesis of protein components 

takes place in parallel with DNA replication. The newly synthesised viral membrane proteins 

are transported to the cytoplasmic membrane of the host cell and form a transmembrane pore 

in a newly assembled viral membrane (14). The correct folding of the major capsid proteins 

and the formation of the procapsid are facilitated by the host GroEL-GroES chaperonin and 

viral scaffolding proteins (14, 18). Integral membrane-associated proteins assemble to form a 

transmembrane channel on the inner membrane (Figure 1-3a). The capsid proteins then 

assemble along the viral membrane and establish the unique packaging vertex to complete the 

procapsid formation (Figure 1-3b). 

 

Figure 1-3 Schematic diagram of the tailless Tectiviridae family phage assembly. 
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a. Viral inner membrane formation; b. Procapsid formation; c. Genome packaging; d and 

e. Virion maturation. The viral capsid protein shell is shown as the blue icosahedral shell, 

the membrane is in grey. The key protein components are indicated in the figure. 

 

1.2.2.2 DNA replication  

Tectiviridae family phages replicate their genomes using a protein-primed DNA replication 

mechanism, similar to other viruses with linear unit-length dsDNA genomes, including 

adenovirus and the phi29-type phages (32–34). Tectiviridae genomes contain around 100 bp 

inverted terminal repeats (ITR) covalently linked to 5’ terminal proteins that are used as 

primers during replication (13, 32). In these viruses, the genome replication starts from both 

ends of the terminal protein-containing DNA (TP-DNA) by forming a chemical bond between 

the first nucleotide to a hydroxyl group of a serine, threonine or tyrosine residue of the TP and 

progresses asymmetrically from both ends. Processive genome replication can be carried out 

in vitro, often only with two proteins, the DNA polymerase and the TP, although additional 

factors, such as single- and double-stranded DNA binding protein P12 in phage PRD1 that 

binds to both single- and double-stranded DNA (35), strongly stimulate the replication and are 

essential in vivo (33, 35–37).  

In several other tailed phages, in parallel with virion assembly, DNA replication and 

recombination generate concatemeric viral DNA (covalently linked end-to-end polymers of 

virus chromosomes), using DNA primed DNA replication mechanism. The genomic DNA is 

then recognised by a terminase small subunit, which initiates its packaging into procapsid (26). 

1.2.2.3 Genome packaging and virion maturation 

The crucial step in virus assembly is genome packaging. This is usually accomplished by 

biological molecular motors that convert the chemical energy from ATP hydrolysis into 

conformational changes that drive DNA translocation into the procapsid. During DNA 

packaging of Tectiviridae PRD1, the DNA packaging ATPase P9 (6, 38) and the packaging 

efficiency factor P6 (39) form a 12-fold portal complex (14). No analogue of a portal protein, 

which is essential for DNA packaging in tailed bacteriophages, has been identified in phage 

PRD1 (14, 40, 41). Once the DNA packaging proteins P6 and P9 together become assembled 

at the right position within the unique vertex, DNA packaging can begin. The newly 

synthesised viral genomic DNA with terminal proteins fused at both 5’ ends is packaged 

through the unique vertex fuelled by the hydrolysis of ATP (Figure 1-3c). When genome 

packaging is completed, the packaging ATPase remains on the mature virion (Figure 1-3d). 

The terminal protein may play a role as a protein valve to seal the pore in the vertex (14). After 
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genome packaging, the inner membrane is pushed against the icosahedral protein shell as the 

last step in virus maturation (Figure 1-3e) (14). 

1.2.3 Flavivirus replication and assembly 

Flaviviruses are positive-sense single-stranded RNA viruses, as described above in section 

1.1.2. Flavivirus replication includes four major steps: viral particles absorption and entry, 

viral protein components synthesis, viral genome replication, as well as genome packaging 

and virion maturation. The replication and assembly of Flaviviruses are described in the 

sections 1.2.3.1 - 1.2.3.4 below. 

1.2.3.1 Absorption and entry 

Flaviviruses bind to the surface of host cells and first interact with receptors or attachment 

factors that are required to tether the virion onto the cell surface (22). Receptors or attachment 

factors identified in relevant target cells include the C-type lectin CD209 antigen (42, 43), the 

mannose receptor (44) as well as members of the TIM (T cell immunoglobulin mucin domain 

protein 1) and TAM [tyrosine protein kinase receptor 3 (TYRO3)-AXL-MER] family of 

phosphatidylserine receptors (45, 46). Flavivirus particles predominantly enter via a clathrin-

dependent entry pathway, exposing viral particles to an acidic endosomal compartment that 

triggers conformational rearrangements of the envelope glycoproteins to allow fusion of viral 

and endosomal membranes, resulting in the release of the viral RNA into the cytoplasm (22, 

47). 

1.2.3.2 Viral protein synthesis and processing  

After genomic RNA entry, the newly released positive-strand (+) RNA is recognised by 

ribosomes, initiating translation at the endoplasmic reticulum (ER) membrane, producing a 

single polyprotein. The viral genome mimics the cellular mRNA molecule in all aspects except 

for the absence of the poly-adenylated (poly-A) tail. This feature allows the Flavivirus to 

exploit cellular apparatus to synthesise both structural and non-structural proteins during 

replication (48). Viral and cellular proteases catalyse the co-translational and post-translational 

cleavage of the polyprotein into three structural and seven non-structural proteins (Figure 1-

4), almost all of which are associated with intracellular membranes (22). The structural 

proteins, capsid protein (C), the major envelope protein (E) and membrane protein (prM), are 

constituents of the virion and envelope (49–51). 

The non-structural proteins of Flaviviruses are essential for viral replication. NS1 is a 

glycoprotein peripherally associated with membranes, which forms homodimers apparently 

functional for virus replication (52). The N-terminal domain of NS3 forms the viral serine 
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protease complex along with NS2B that is involved in processing the polyprotein (53). The C-

terminal portion of NS3 is a helicase that is essential for melting the secondary structure in the 

genomic RNA, to initiate negative-strand replication and for subsequently separating the two 

strands to facilitate the synthesis of the nascent positive ssRNA strands (54). NS3 helicase also 

possesses an RNA 5’ triphosphatase (RTPase) activity that is required for viral assembly (21, 

22, 54, 55), as described in section 1.2.3.3. NS4A and NS4B proteins are essential components 

of the ER membrane-associated replication complex (56). NS5 acts as the viral RNA-

dependent RNA polymerase (RdRp) and also possesses methyltransferase activity involved in 

the modification of the viral cap structure (57). 

 

Figure 1-4 Diagram of Flavivirus genome and polyprotein organisation. 

a. Flavivirus genome structure; b. Flavivirus polyprotein organisation. Structural proteins 

are in green and non-structural proteins are in white; the activity of certain proteins is 

highlighted on the figure. ‘Pro’ indicates protease, ‘Hel’ means helicase, ‘MTase’ 

designates methyltransferase and ‘RdRP’ indicates RNA-dependent RNA polymerase. 

Vertical down narrows indicate the polyprotein cleavage by cellular signal peptidases, the 

viral protease or by the furin protease. The ‘?’ indicates the polyprotein cleavage 

performed by unknown protease. 

 

1.2.3.3 Genome replication 

In parallel with viral protein synthesis, Flaviviruses replicate (+) RNA genome in the 

cytoplasm, as mentioned in section 1.1.2. The viral (+) RNA is recognised and replicated into 

the uncapped negative-strand RNA [(-) RNA] intermediate by the RNA dependent RNA 

polymerase NS5 (Figure 1-5) on the endoplasmic reticulum (ER) membrane in the host cells 

(21, 22, 57–59). NS3 helicase is potentially involved in RNA replication by unwinding the 

newly synthesised duplex RNA during transcription (Figure 1-5). Within the transcribed 
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double-strand (ds) RNA, the (-) RNA acts as a template to produce a nascent (+) RNA (21, 59, 

60). After transcription, the newly synthesised (+) RNA is modified at its 5’ end with a type-

1 RNA cap structure (CAP 1, me7-GpppA-me2) by NS3 helicase and NS5 methyltransferase 

(Figure 1-5) (21, 22). The 5’ CAP 1 structure of cellular RNA is formed by a process involving 

RNA triphosphatase, guanyl-transferase, N7-methyltransferase and 2′-O methyltransferase. 

NS3 helicase has RNA triphosphatase activity and uses the ATP binding site to remove the 

terminal phosphate from the 5’ end of the RNA (21, 22, 54, 55). The NS5 methyltransferase 

has N7-methyltransferase and guanyl-transferase activities, as well as the 2’-O 

methyltransferase activities, which are necessary for forming mature RNA CAP 1 structures 

(21). After 5’ capping, the newly transcribed mature (+) RNA can be either packaged into 

immature viral particles or used for transcription or translation processes. 

 

Figure 1-5 Flavivirus RNA replication. 

NS3 and NS5 proteins are indicated on the figure, positive-strand (+) RNA is in black and 

the complementary negative-strand (-) RNA is in dark red. The 5’ CAP 1 structures are 

shown as black dots. 

 

1.2.3.4 Genome packaging and virion maturation 

The Flaviviruses employ an energy-independent packaging system for genome encapsidation, 

as mentioned in section 1.2.1. The newly synthesised (+) RNA molecules can be incorporated 

into viral particles by a process involving RNA packaging and budding into the lumen of the 
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endoplasmic reticulum (ER) (61). Maturation of Flavivirus particles containing precursor 

membrane protein (prM) occurs along the secretory pathway by furin-mediated cleavage of 

prM (62, 63). The prM is cleaved by furin protease only after exposure to low pH, indicating 

that a conformational change is necessary before virus maturation can occur (64). Flavivirus 

particles are presumed to exit the cell through the conventional secretory pathway, although 

the details of how this process occurs and is involved in virus replication are still unclear (22). 

1.3 ASCE group ATPases 

In this thesis, the DNA packaging ATPase present in a Tectiviridae family phage phiKo, and 

the NS3 helicase from the Zika virus, both belonging to the ‘Additional Strand Catalytic 

glutamate (E)’ (ASCE) group ATPases, were studied. 

The ASCE group is one of the largest and most functionally diverse groups of P loop NTPases 

(65). The ASCE division includes the AAA+ (ATPases Associated with various cellular 

Activities), ABC (ATP-binding cassette), PilT, RecA and FtsK/HerA superfamily ATPases, 

superfamilies 1 and 2 (SF1 and SF2) helicases, as well as several additional, less confidently 

classified ATPases (7, 66). The ASCE ATPases are characterised by an additional strand in 

the central b-sheet located between the Walker A and Walker B motifs (65, 67, 68), as seen in 

section 1.3.1. The Walker A motif, or phosphate-binding loop, consists of a stretch of 

hydrophobic residues followed by the conserved sequence GxxxxGKS/T, where x is any 

amino acid. Walker B motif consists of an aspartate preceded by a stretch of hydrophobic 

amino acids (68, 69). ATP hydrolysis by the ASCE division ATPases typically depends on 

conserved catalytic glutamate polarising a water molecule for nucleophilic attack on the g-

phosphate of ATP substrate (Figure 1-6) (6–8). Generally, the conserved Walker A motif is 

responsible for nucleotide binding, and the conserved aspartate in the Walker B motif and the 

serine or threonine in the Walker A coordinate the catalytic metal (generally is Mg2+) for ATP 

hydrolysis (Figure 1-6) (6, 68, 70, 71). The ‘arginine finger’ facilitates the formation of the 

transition state during ATP hydrolysis by insertion into the ATPase catalytic site of a 

neighbouring subunit or subdomain, in response to a conformational change in the ATPase 

catalytic site that follows substrate binding (72).  

ASCE group ATPases are sometimes referred to as ‘RecA-like’ proteins, due to the similarity 

of their fold to the recombination factor RecA (73, 74). However, there are critical differences 

between the ‘RecA-like’ proteins and other ASCE family proteins, for example, the core 

nucleotide-binding folds of RecA-like and AAA+ proteins are related, but differ in the details 

of their topology, conserved ATP binding residues, and the orientation of individual motor 

domains in higher-order quaternary states (6, 75, 76).  
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Figure 1-6 Schematic representation of the ATP hydrolysis mechanism. 

Key residues of the Walker A and Walker B motifs and the ‘arginine finger’ are indicated 

on the figure. The H-bonds are displayed as dashed lines and metal-coordinated 

interactions are shown as hashed lines. 

 

1.3.1 RecA-like core  

 

Figure 1-7 Topology diagram of the proteins of FtsK/HerA, RecA and helicase 

surperfamilies. 
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The ASCE core (RecA-like core) b-strands are labelled in the order of 51432. The 

structurally conserved central b-strands are in pink and a-helices in dark yellow. The 

helices and strands, that are slightly less conserved among ASCE group ATPases than the 

central b-sheet region, are in blue, and structural elements that are not conserved among 

ASCE group ATPases are in grey. 

 

The fold of the RecA-like core or ASCE core is characterised by central stranded b-sheets 

flanked by a-helices (74) and an additional strand (S4) located between the Walker A and 

Walker B motifs (Figure 1-7). At the primary sequence level, the RecA-like motors belong to 

different classes of P-loop NTPases, including the FtsK/HerA, RecA, AAA+ and ABC families, 

along with SF1, SF2 and SF3 helicases (66, 77). The structure conservation of the RecA-like 

ATPases indicates that they likely hydrolyse ATP using a similar mechanism.  

Different RecA-like ATPases contain different numbers of RecA-like cores (73). Two RecA-

like cores in a single polypeptide chain are found in many SF1 and SF2 helicases, such as 

PcrA (78) and NS3 helicases (79), as well as ABC transporters (80). In ABC transporters, two 

ATP molecules are bound at the interface (80), while other RecA-like core containing ATPase 

active site has one ATP molecule bound between two subunits or subdomains. Five RecA-like 

cores, only one subset of which bind and hydrolyse ATP, are found in the clamp loaders, the 

bacterial homologue of eukaryotic replication factor C that loads the sliding clamp 

(homologous to proliferating cell nuclear antigen) onto DNA (81). Six RecA-like cores 

forming a hexamer are found in many proteins, for instance, the FtsK translocase (72), the 

hydrophilic portion of ATP synthase F1 ATPase (82), E1 DNA helicase (83) and T7 gp4 DNA 

helicase (84).  

1.3.2 FtsK/HerA superfamily 

FtsK/HerA superfamily ATPases comprise the conserved ASCE fold, as discussed in sections 

1.3.1 above. The common feature of the FtsK/HerA superfamily ATPases is a single functional 

domain with a central nine stranded β-sheet, including one antiparallel β-strand, that is flanked 

by six α-helices (6, 85), as seen in Figure 1-7a. The FtsK/HerA superfamily has been 

subdivided into six major clades based on the sequence homology: HerA, VirB4, VirD4/TrwB, 

FtsK, ssDNA phage packaging ATPases and A32-like viral dsDNA packaging ATPase (6). 

All proteins in the six clades contain a unique set of conserved residues found only in the FtsK 

and HerA homologues and not in any other previously characterised group of ATPases (6). 

The packaging ATPases of a variety of DNA viruses, including the P9 protein of bacteriophage 

PRD1 and homologues from nucleocytoplasmic large DNA viruses (NCLDVs) typified by the 

Vaccinia virus A32 protein, contain a conserved FtsK-like domain with ASCE fold (6), 
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indicating that they likely translocate dsDNA in a similar way to other members of the 

FtsK/HerA superfamily. 

1.3.3 FtsK translocase 

 

Figure 1-8 FtsK protein composition and motor domain translocation. 

a. Organisation of the E. coli FtsK protein; b. Diagram of the translocation activation of 

the FtsKC hexamer. The KOPS motif is highlighted as a blue triangle. XerC and XerD are 

in yellow and purple, respectively. c. FtsK ASCE-fold domain hexamer assembly 

[PDB code 2IUU, (72)]. 

 

‘Fts’ is the abbreviation for Filamentous Temperature-Sensitive which describes a series of 

proteins, including FtsK, that emerged in 1995 from a screen for temperature-sensitive mutants 

of Escherichia coli with a filamentous phenotype (86). FtsK is a highly conserved dsDNA 

translocase, which assembles at the division septum in a wide range of bacteria during 

segregating of sister chromosomes of cell division (87–90). FtsK consists of three domains: 

an essential N-terminal membrane-spanning domain (FtsKN) that anchors it to the division 

septum, a C-terminal motor domain (FtsKC), and a middle linker domain (Figure 1-8a) (88). 

FtsKC is composed of α-, β-, and γ-subdomains (Figure 1-8a) (72). The α- and β- subdomains 

together form a hexamer motor domain; the α-subdomain is unique for FtsK while the β-



 30 

subdomain contains an ASCE fold that forms the ATP-binding pocket for ATP hydrolysis (72). 

The γ-subdomain plays a regulatory role in the recognition of the FtsK orienting the polar 

sequence (KOPS) that directs the orientation of FtsK translocation on DNA (Figure 1-8b) (87, 

91) and activates XerCD-dif recombination (Figure 1-8b)  (87, 90). The motor domain (α- and 

β-subdomains) forms a hexamer ring and translocates dsDNA through the centre channel using 

energy derived from ATP hydrolysis (Figure 1-8c) (72). 

1.3.3.1 Proposed mechanism for FtsK 

A rotary inchworm model for dsDNA translocation by the hexameric FtsK motor domain has 

been proposed (72). The FtsK hexamer ring accommodates dsDNA in its centre channel and 

moves DNA around the hexamer, with protein-DNA interactions involving one or two of the 

six subunits. One subunit of FtsK undergoes an ATP hydrolysis cycle initiating the 

DNA translocation. This translocation, with little rotation of DNA relative to protein, brings 

the DNA backbone into register with the DNA binding loops of the next adjacent FtsK subunit 

around in the hexamer while preventing further DNA binding by the first subunit. The second 

subunit undergoes an ATP hydrolysis cycle, and the DNA is then bound by the next subunit 

around to enable DNA translocation. Thus, the helical structure of DNA (B-form) allows a 

cycle of subunits of FtsK binding around the hexamer to pump DNA through the centre 

channel (72). 

1.3.4 RNA helicases  

RNA helicases can enzymatically unwind double-stranded RNA (dsRNA) by disrupting the 

hydrogen bonds that maintain two strands together using energy derived from NTP hydrolysis. 

The RNA helicases are present in almost all biological organisms, ranging from microbes to 

humans (92). Most eukaryotic RNA helicases are incapable of unwinding long double-

stranded regions in vitro, as opposed to the highly processive activity of some of the DNA 

helicases. Indeed, a continuous dsRNA is rare in biological systems. However, a possible 

exception is the viral RNA helicases, where an RNA helicase may need to resolve dsRNA 

intermediates formed during transcription or replication of the viral RNA (93), as described in 

section 1.2.3.3 above. In this case, the viral RNA helicase may act more like a temporary 

clamp to prevent RNAs from re-associating, therefore, allowing other RNA-RNA or RNA-

protein interactions to occur (92). 

All of the RNA helicases contain the conserved Walker A and B motifs (also named as motifs 

I and II in helicases) (68, 94, 95). The structural conservation implies equal functional 

conservation. In general, RNA helicases comprise two conserved RecA-like domains (Domain 

1 and Domain 2) tethered by a short flexible linker and a C-terminal extension which usually 
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forms an additional domain (Figure 1-7c), as mentioned in section 1.3.1 above. However, the 

C-terminal additional domain is structurally conserved at least in some cases, but its length 

and sequence vary wildly among RNA helicases (92). Some of these helicases, such as the 

eukaryotic initiation factor eIF4A and the DEAD-box RNA helicase Vasa, do not contain the 

third C-terminal domain (96, 97). 

1.3.5 Superfamily 2 (SF2) helicases 

 

Figure 1-9 Comparisons of NS3, DEAH-box and DEAD-box helicases. 

a. Diagram of protein organisation of NS3, DEAH-box and DEAD-box helicases. b. 

Structural comparisons of NS3, DEAH-box and DEAD-box helicases. NS3 helicase [PDB 

code 5MFX, this work], DEAH-box helicase [Prp43, PDB code 5LTA, (107)] and DEAD-

box helicase [Vasa, PDB code  2DB3, (97)]. ‘D’ indicates domain, ‘WH’ stands for 

winged helix subdomain, and ‘OB’ indicates oligonucleotide/oligosaccharide binding 

subdomain. 

 

Helicases can be classified into six superfamilies (SF1 - SF6), based on their primary 

sequences, structures, and mechanisms (77). Superfamily 2 (SF2) is the largest and most 

diverse superfamily among all DNA and RNA helicases. In addition, SF2 helicases are 

involved in transcription, DNA repair, and chromatin rearrangement and almost all aspects of 

RNA metabolism (98, 99). Generally, SF2 helicases appear to have nucleic acid stimulated 
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ATPase activity (100, 101). SF2 helicases comprise a conserved helicase core consisting of 

two similar protein domains that resemble the RecA-like fold (95, 102), as mentioned in 

section 1.3.1 above. It has been further divided into families of RecQ-like, RecG-like, 

Rad3/XPD, Ski2-like, type I restriction enzyme, RIG-I-like, NS3/NPH-II, DEAH/RHA, 

DEAD-box, and Swi/Snf families based on sequence homology (95, 101). The DEAD-box 

helicases are named after the strictly conserved sequence aspartate (D) - glutamate (E) - 

alanine (A) - aspartate (D) (103, 104). Similarly, DEAH-box helicases are named after the 

conserved motif of aspartate (D) - glutamate (E) - alanine (A) - histidine (H) (105). Notably, 

NS3 also contains the conserved specific signature (DExH) in the helicase motif II (95). 

However, the C-terminal domains differ significantly between DEAH-box and NS3 helicases 

(Figure 1-9a). The C-terminal domain 3 of NS3 helicase possesses a short helical-rich 

conformation, in contrast, the DEAH-box helicase has a more extended C-terminal domain 

comprising a winged-helix, ratchet and an oligonucleotide/oligosaccharide binding 

subdomains (Figure 1-9b) (95, 106–108). 

1.3.6 Proposed mechanisms for NS3 helicase 

In this thesis, the NS3 helicase (NS3h) from Zika virus, belonging to SF2 helicases, was 

studied. NS3h can enzymatically unwind duplexed RNA using the energy derived from the 

ATP hydrolysis, as mentioned in section 1.3.4. The NS3 helicase (NS3h) has three domains: 

RecA-like domains 1 and 2, as well as domain 3. There is an ATP-binding cleft between the 

two domains 1 and 2, and an RNA binding groove among the three domains (as discussed in 

sections 1.3.4 and 1.3.5). HCV NS3h can unwind both RNA and DNA (109–111). To describe 

a generic model of strand separation, the substrate will be referred to below as nucleic acid 

(NA). Previous studies of HCV NS3 helicase resulted in several proposed unwinding and 

translocation mechanisms that are briefly discussed in this section. 

The spring-loaded mechanism  

Domains 1 and 2 of NS3h move along the tracking strand (3’ to 5’) one nucleotide at a time 

per ATP hydrolysis cycle, where ATP binding and ADP release induce closure and opening 

of the domains 1 and 2, respectively. The domain 3 of NS3h lags behind by anchoring itself 

to the NA strand until three such steps have taken place. Then, the spring-loaded domain 3 

moves forward in a burst motion, unwinding 3 base pairs (bp) as a consequence. NS3h 

continues unwinding in 3 bp steps up to about 18 bp unless it encounters an apparent barrier, 

suggesting that NS3h is not highly efficient in longer sequence unwinding (> 18bp). Upon 

encountering a barrier or after unwinding > 18bp, NS3h snaps or slips backwards rapidly and 

repeats this unwinding event many times in succession. This relatively low unwinding 
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processivity may help to keep secondary structures resolved during viral genome replication 

(112). 

Inchworm type mechanism  

The NS3h monomer has two RNA-binding sites surrounding an ATPase site for which ATP 

binding coordinates RNA translocation and unwinding in the fashion of an inchworm, similar 

to the structural homologues, SF1 PcrA (78) and Rep helicases (113). The inchworm model 

proposes that the two domains of the helicase (domains 1A and 2A in PcrA or domains 1 and 

2 in NS3h) switch alternatively between tight and weak NA-binding states and move relative 

to each other as the helicase binds and hydrolyses ATP. In the initial stage, the single-stranded 

nucleic acid (ssNA) is bound at both domains 1 and 2. Binding of ATP to the ATPase active 

site of NS3h induces a cleft closure of domains 1 and 2. In order for this cleft closure to happen 

while retaining contact with ssNA, it is evident that one of the domains must release its grip 

on the NA strand and slide along it. ATP hydrolysis results in a destabilisation of the cleft 

closure because contacts mediated through the g phosphate are broken. As the ATP binding 

cleft opens, domain 2 weakens its binding to NA and slides along the strand while the domain 

1 remains bound to the NA tightly (78, 110). 

Brownian motor mechanism  

Another proposed model for NS3h is the Brownian motor mechanism which postulates that  

HCV NS3h helicase translocates single-stranded nucleic acid (ssNA) as a Brownian motor 

with a simple two-stroke cycle (111). The directional movement step is driven by ssNA 

binding, while ATP binding allows for a short period of random movement that prepares the 

helicase for the next cycle. HCV NS3h cycles between a tightly bound and a weakly bound 

state under the control of the ATP hydrolysis cycle and slides along the ssNA strand without 

directional preference (111). In the weak binding state, ATP binding induces reduced affinity 

of NS3h for single-stranded (ss) nucleic acid. Brownian motion allows NS3h to slide forward 

or backwards in the weakly NA bound state. The model predicts that preventing backward 

motion should increase the efficiency of the helicase. The backward motion can be prevented 

by either a second helicase molecule bound to the NA behind the leading helicase molecule or 

by interaction with a molecule bound to the opposite strand (111).  

Brownian ratchet mechanism 

An alternative mechanism is the Brownian ratchet mechanism, in which NS3h diffuses along 

the nucleic acid (NA) as a result of ATP-dependent cycling between tight and weak binding 

states, same as the proposed Brownian motor model (111). However, the Brownian ratchet 

mechanism is different from Brownian motor model, as the NS3h translocates the ssNA with 

a direction. Movement in the 3’ to 5’ direction is favoured due to the ratchet effect presumably 
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due to W501, which reduces the probability of the enzyme sliding backwards (114). The W501 

(‘rachet’ tryptophan) was proved to be critical for HCV NS3h function (109). The importance 

of an aromatic residue at this position is also demonstrated by the fact that it can be substituted 

with phenylalanine, whereas alanine disrupts NA unwinding (115). 

1.4 X-ray Crystallography 

In this study, the phiKo gp14 and Zika virus NS3 helicase structures are solved by X-ray 

crystallography, specifically, by molecular replacement. X-ray crystallography is a technique 

used to determine the molecular structure from a crystal via transforming the recorded X-ray 

diffraction patterns to electron density maps. Some basic information involved in X-ray 

diffraction and structural determination is described below in this section. 

1.4.1 Vapour diffusion crystallisation 

Determination of a protein structure by X-ray crystallography requires the preparation of 

crystals. Several methods can be used to produce protein crystals, including vapour diffusion, 

micro-batch, micro-dialysis and free-interface diffusion. Hanging and sitting drop vapour 

diffusion experiments are widely used for the growth of protein crystals (Figure 1-10a and 1-

10b). In this method, droplets containing purified protein, buffer and precipitant are allowed 

to equilibrate against a larger reservoir containing similar buffers and precipitants at higher 

concentrations (116). When the crystallisation system is at equilibrium, the crystal loses 

protein molecules at the same rate at which protein molecules re-join the crystal. The 

concentration of proteins in the solution at equilibrium is the equivalent to the protein 

solubility (117). 

The first step of crystallisation is to form nuclei. Initially, the drops of protein solution contain 

comparatively low precipitant and protein concentrations. Nucleation usually occurs when the 

protein concentration increases through dehydration-driven reduction of the solution volume 

caused by equilibration through vapour diffusion from the protein-containing droplet to the 

more hygroscopic reservoir solution (Figure 1-10a and 1-10b). Once nucleation conditions are 

achieved, the drop solution remains supersaturated so that both nucleation and rapid crystal 

growth can occur simultaneously (118). Since more protein molecules form crystals and less 

protein remains in solution, protein concentration in solution will decrease to some extent. 

The solubility of a protein varies with the concentration of a precipitant, as shown 

schematically in Figure 1-10c. Crystals dissolve in the unsaturation region, where the 

concentration is below the protein solubility, and grow in the supersaturation region. The 

supersaturation region can be divided into three zones, metastable, nucleation and precipitation. 

Since there is an energy barrier, nucleation (the process of forming a crystallisation nucleus) 
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takes time. In the ‘metastable zone’, the supersaturation is too small, and the nucleation rate 

will be too slow to form crystals. In the ‘nucleation’ zone, the supersaturation is large enough 

to lead to spontaneous nucleation. If the supersaturation is too large, then disordered 

assemblies, such as aggregates or precipitates, may form. The ‘precipitation zone’ is 

unfavourable for crystal formation, because the disordered aggregates and precipitates form 

faster than the ordered crystals. Since these zones are related to kinetic phenomena, the 

boundaries between the zones are not well-defined. In contrast, the solubility curve is clearly 

defined by the equilibrium between solution and crystal (117). 

 

Figure 1-10 Schematic diagram of crystallisation by vapour diffusion. 

a. Hanging drop vapour diffusion; b. Sitting drop vapour diffusion; in a and b, the squares 

indicate crystals. c. Protein crystallisation phase diagram. A to B signifies protein 

transition from the unsaturated state to the supersaturation level where nucleation and 

initial growth occur by vapour equilibration of the drop against the reservoir solution. B 

to C transition corresponds to changes in soluble protein concentration in the drop that is 

likely to decrease supersaturation over the time course of the experiment. 

 

1.4.2 Micro-seeding  

Some crystals obtained in initial screens are not of sufficient quality for structure 

determination by X-ray diffraction, and the conditions must be optimised in subsequent rounds 

of experiments to produce the desired quality crystals. Micro-seeding is a crystallisation 

method in which crystals or crystalline material generated in one experiment is transferred to 

a new experiment, for crystal optimisation. The crystalline material acts as a nucleation site 

for crystal growth in the new experiment, removing the need for de novo nucleation. This 

approach is rationalised by the hypothesis that the optimal conditions for crystal nucleation 

and crystal growth can be quite different (119, 120).  
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1.4.3 Diffraction theory 

1.4.3.1 Bragg’s Law 

Laue, Friedrich and Knipping first observed X-ray diffraction by a crystal in 1912. In 1913, 

William Lawrence Bragg and his father, William Henry Bragg, proposed a description by 

considering the diffracted beams as reflections from sets of parallel planes that pass-through 

lattice points of the crystal (121). Though this description of ‘reflections’ is not correct in a 

physical sense, as planes of atoms do not reflect X-rays as such, it is correct in a geometrical 

sense and provides the simple expression for the analysis of crystal structure. Bragg’s Law 

provides the condition for a plane wave to be diffracted by a family of lattice planes (Figure 

1-11), according to the equation: 

2𝑑 sin 𝜃 = 𝑛𝜆 

where 𝑑 is the lattice spacing, θ is the angle between the wave vector of the incident plane 

wave and the lattice planes, λ is the wavelength and 𝑛 is an integer, the order of the reflection 

(121). It is equivalent to the diffraction condition in reciprocal space and the Laue equations. 

The reciprocal lattice is constituted of the set of all possible linear combinations of the basis 

vectors a*, b*, c* of the reciprocal space. The reciprocal and real spaces are related by a Fourier 

transform, and the reciprocal space is also called Fourier space or phase space. A point (node), 

H, of the reciprocal lattice is defined by its position vector: 

𝑂𝐻 =	𝑟/01∗ = ℎ𝑎∗ + 𝑘𝑏∗ + 𝑙𝑐∗ 

Each vector OH of the reciprocal lattice is associated with a family of direct lattice planes 

(122). 

 

Figure 1-11 Bragg’s Law. 

The 𝑑 is the lattice spacing, θ is the angle between the vector of the incident wave and the 

lattice planes, λ is the X-ray wavelength. Lattice points in crystal are displayed as blue 

dots. 
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1.4.3.2 Ewald sphere 

The Ewald sphere is a geometrical expression of Bragg’s Law which relates the reciprocal 

lattice and a ‘sphere of reflection’. The Ewald sphere is a sphere of a radius of 1/l (where l is 

the X-ray wavelength) with the crystal at the centre (A), passing through the origin (O) of the 

reciprocal lattice, and the reciprocal lattice vector is d*hkl, as seen in Figure 1-12. The incident 

X-ray beam’s direction is along a radius of the sphere, AO (Figure 1-12). If Bragg’s Law is 

satisfied, it may be shown that the vector OP, connecting the point where the direct beam exits 

from the sphere with the point where the diffracted beam exits from the sphere, is identical to 

d*hkl, the spacing in the reciprocal space. In the Ewald construction, the reciprocal lattice origin 

is shifted from the centre of the sphere (A) to the point where the direct beam exits from the 

sphere (O) (Figure 1-12). Bragg’s Law is equivalent to the statement that the reciprocal lattice 

point for the reflecting planes (hkl) should lie on the surface of the sphere. In contrary, if the 

reciprocal lattice point does not intersect the sphere, then Bragg’s Law is not satisfied, and no 

diffracted beam occurs (123).  

 

Figure 1-12 Ewald sphere for a set of planes at the correct Bragg angle. 

The radius of the sphere is 1/l, l is the X-ray wavelength, d*hkl is the reciprocal lattice 

vector, hkl is the reflecting plane, O is the origin of the reciprocal lattice, A is the centre 

of the sphere where the crystal is placed. 

  

1.4.4 X-ray diffraction 

X-ray diffraction is the scattering of X-ray photons by atoms in a periodic lattice. The scattered 

monochromatic X-rays that are in phase give constructive interference. The intensities of X-

ray diffraction peaks are determined by the atomic positions and nature of the atoms within 

the lattice planes. X-ray diffraction can be utilised to study single crystal or polycrystalline 

materials (124, 125). The single-crystal X-ray diffraction experiment is performed by shooting 
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an X-ray through crystals to produce diffraction patterns, as illustrated in Figure 1-13. The 

crystal is mounted on a goniometer. A collimated beam of X-rays is directed at the crystal. 

Most X-rays are transmitted through the crystal, but a small fraction is diffracted by the crystal 

lattice. X-rays diffracted by sets of planes satisfying the Bragg’s Law at a given mutual 

orientation of the crystal and X-ray beam, are recorded using a 2-dimensional (2-D) X-ray 

detector. During the collection of a complete data set, the crystal is rotated around 𝜑° (Figure 

1-13) to bring all sets of planes into diffracting position. For practical reasons, a total crystal 

rotation of around 180° around the rotation axis is used during a routine data collection at a 

synchrotron, even though a significantly smaller total rotation is usually sufficient for 

recording a complete data set, especially in cases with high internal symmetry of the crystal. 

 

Figure 1-13 Single-crystal X-ray diffraction experiment. 

This figure is detailed in the text. 

 

1.4.5 Data collection 

A diffraction data set forms an image of 3-D reciprocal space. This 3-D image consists of a 

series of 2-D diffraction images, each of them representing a different, curved slice of 

reciprocal space (126). Each 2-D diffraction image is collected while rotating the crystal by a 

small angle (typically between 0.2 and 2°) about a fixed axis (Figure 1-13). The rotation 

method with minimal rotation angles per image (fine φ-slicing) has been developed to provide 

improved signal to noise for weakly diffracting samples (127). If a fine φ-slicing approach is 

applied, there is generally no advantage in reducing Δφ to less than half of the crystal mosaicity. 

In crystallography, the mosaicity is a measure of the spread of crystal plane orientations. A 

mosaic crystal is a simplified model of a real crystal imagined to consist of numerous small 

crystallite blocks that are, to some extent, randomly misoriented (122). For very large 

mosaicity values and large cell dimensions, reflection overlaps may occur no matter how small 

the rotation increment is (128).  
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To determine the crystal lattice symmetry, it is necessary to index the collected reflections 

from sets of different planes. Software for autoindexing, such as the program iMOSFLM (129), 

is usually able to use just one or a few images to match the spatial location of spots with the 

dimensions of the unit cell and give the likely Bravais lattice, as well as determine its 

orientation with respect to the experimental apparatus (127). The unit cell is defined as the 

smallest repeating unit having the full symmetry of the crystal structure, and the Bravais lattice 

is an arithmetic crystal class with matrix group of lattices (122). 

1.4.6 Data processing  

After collecting sufficient diffraction data, the next step of structural determination is data 

processing. The analysis and reduction of single-crystal diffraction data consist of seven major 

steps. These are (i) visualization and preliminary analysis of the unprocessed detector data, (ii) 

indexing of the diffraction pattern, (iii) refinement of the crystal and detector parameters, (iv) 

integration of the intensity of diffraction peaks, (v) finding the relative scale factors between 

individual measurements, (vi) precise refinement of crystal parameters using the whole data 

set, and (vii) merging and statistical analysis of the measurements related by space-group 

symmetry (126). 

The quality of diffraction data is usually evaluated by the merging R factor (Rmerge), based on 

reflection intensities. Rmerge gives the average ratio of the spread of intensities of the multiply 

measured symmetry-equivalent reflections to the estimated value of the reflection intensity: 

𝑅<=>?= = 	
∑ ∑ |𝐼C(ℎ𝑘𝑙) −	〈𝐼(ℎ𝑘𝑙)〉|C/01

∑ ∑ 𝐼C(ℎ𝑘𝑙)C/01
 

where Ii(hkl) indicates the individually measured intensities of all reflections equivalent by the 

point group symmetry to I(hkl) and 〈𝐼(ℎ𝑘𝑙)〉	is the average of all such intensities. The value 

of Rmerge is not a statistically objective indicator since it strongly depends on the data 

multiplicity. Consequently, it is always higher for data in high-symmetry space groups than 

those in low symmetry. The  Rmerge value increases with increasing multiplicity (130, 131). 

Other versions of R factor have been proposed, such as Rmeas (132): 

𝑅<=IJ = 	
∑ 𝑛/01 ∑ |𝐼C(ℎ𝑘𝑙) −	〈𝐼(ℎ𝑘𝑙)〉|C

∑ (𝑛 − 1)∑ 𝐼C(ℎ𝑘𝑙)C/01
 

where 𝑛  is a number of the symmetry equivalent contributors to the average. Rmeas is an 

improvement over Rmerge, as it is relatively insensitive to data multiplicity (132, 133).  

A useful statistic that comes from scaling is the ratio of the measured signal to noise, I/σ(I). In 

principle, as long as the ratio of average intensity to the associated estimated error is higher 

than 1.0, the data contain some information (134). This criterion can be used to define the 
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diffraction resolution limit for a crystal, i.e. the resolution at which the data may be truncated 

without losing significant information. In addition, the correlation coefficient between random 

half data sets (CC1/2) is a primary indicator for selecting high resolution cut-off for data 

processing. It is related to the effective signal to noise of the data (135, 136). The advantage 

of a correlation coefficient is that it has a well-defined range: 1.0 for a good correlation and 

0.0 for no correlation (135). Typically, CC1/2 is near 1.0 (or 100%) at low resolution and 

drops smoothly toward 0 as the signal-to-noise ratio decreases. The value of CC1/2 between 

~ 0.1 and ~ 0.4 can be roughly equated to I/σ(I) values between ~ 0.5 and ~ 1.5 (136). 

1.4.7 Structure factors 

The structure factor is the central concept in structure determination by X-ray diffraction. The 

wave that results from scattering is called a structure factor, Fhkl, which is described in a vector 

form. Mathematically, the structure factor Fhkl can be described by the following functions: 

𝐅/01 = 𝐹/01 	exp(𝑖a/01)  

       = ∑ 𝑓S	exp	T2𝜋𝑖Vℎ𝑥S + 𝑘𝑦S + 𝑙𝑧SZ[S   

       = ∑ 𝑓S	S 𝑐𝑜𝑠T2𝜋(ℎ𝑥S + 𝑘𝑦S + 𝑙𝑧S)[ + 𝑖 ∑ 𝑓S	𝑠𝑖𝑛T2𝜋(ℎ𝑥S + 𝑘𝑦S + 𝑙𝑧S)[S  

where αhkl is the phase of the diffracted beam; the Fhkl is the amplitude; the summation is over 

all atoms in the unit cell; xj, yj, zj are the positional coordinates of the jth atom and fj is the 

scattering factor of the jth atom (122, 137). In structure determination, the intensity of a 

diffracted beam is directly related to the structure factor amplitude. However, the phases are 

estimated, and an initial description of the positions and anisotropic displacements of the 

scattering atoms is deduced. The calculated structure factors of this initial model are compared 

with the experimentally observed structure factors. Iterative refinements used to minimise the 

difference between calculated and observed structure factors until a satisfactory fit is obtained 

(122).  

1.4.8 The phase problem  

The square of the structure factor amplitudes is related to the diffracted intensities and can be 

converted using the following equation: 

𝐹/01^ = 	 𝐼/01(𝑘𝐿𝑝𝐴)bc 

Where 𝐼/01  is intensity, k is a scale factor, 𝐿𝑝 is the Lorentz-polarization correction factor, 

and	𝐴 is the transmission factor representing the absorption of X-rays by the crystal (122). 

X-ray structure determination aims to obtain the electron density map for the protein crystal. 

The electron density is the Fourier transform of the structure factors. To calculate the electron 
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density at a position (xyz) in the unit cell of a crystal, the following summation over all the hkl 

planes is required: 

𝜌(𝑥𝑦𝑧) = 1/𝑉g𝐹/01 exp	(𝑖𝛼/01)	𝑒𝑥𝑝	[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)] 

where 𝑉 is the volume of the unit cell and ahkl is the phase associated with the structure-factor 

amplitude 𝐹/01. The amplitudes can be measured, but the phases of the diffracted amplitudes 

cannot be experimentally recorded, this represents the phase problem of X-ray crystallography. 

The phases are essential in producing the correct electron density and carrying structural 

information (138). Without knowing the phases, it is not possible to reconstruct the atomic 

structure. Therefore, estimating the phases is an essential step in successful structure 

determination (122, 139).  

In protein crystallography, generally, phases are derived either by using the atomic coordinates 

of a structurally similar protein, i.e. molecular replacement (MR), or by finding the positions 

of heavy atoms that are intrinsic to the protein or that have been added, such as multiple 

isomorphous replacement (MIR) and single-wavelength/multi-wavelength anomalous 

dispersion (SAD/MAD) or combinations of these (138). Phase information is further improved 

during structure refinement, a mathematical process that minimises differences between the 

observed and calculated (from the current model) amplitudes while imposing geometric 

restraints on the atomic model.  

1.4.8.1 Multiple Isomorphous Replacement (MIR) 

Initial phases for new macromolecular structures have originally been derived by the method 

of multiple isomorphous replacement (MIR) (140). Information about unknown phases may 

be obtained by making a known change to the contents of the unit cell and measuring the effect 

on the diffraction pattern. In practice, a reactive group containing a heavy metal ion is 

introduced to the protein without disturbing the overall structure and packing of molecules in 

the crystal, i.e. the two structures must be ‘isomorphous’. Due to the heavy atoms scattering 

X-ray more strongly than the rest of the atoms in the structure, it is usually possible to locate 

the heavy atoms alone by direct methods or using Patterson maps. Once the location of the 

heavy atoms is known, the scattering from those atoms may be calculated both in magnitude 

and in phase (139). In general, the phase information from a single isomorphous derivative is 

ambiguous. Thus, multiple isomorphous replacements (MIR) or supplementary information, 

such as from anomalous scattering, molecular averaging, or solvent flattening is used to 

resolve the phase ambiguity (141).  

Nevertheless, isomorphous replacement has several problems: non-isomorphism between 

crystals (unit-cell changes, reorientation of the protein, conformational changes, changes in 
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salt and solvent ions), problems in locating all the heavy atoms, problems in refining heavy-

atom positions, occupancies and thermal parameters and errors in intensity measurements (138, 

142). In some cases, SAD/MAD is ideal for solving the phase problem when there is no perfect 

isomorphism (142), as described below. 

1.4.8.2 Single-/Multi-wavelength Anomalous Dispersion (SAD/MAD) 

Anomalous scattering 

The atomic scattering factor contains three components: a real scattering term f0 that is 

dependent on the Bragg angle and two terms, f ¢ and f ², that are dependent on wavelength but 

not scattering angle. If X-rays can excite electrons surrounding the atomic nucleus such that 

they are able to jump from lower to higher energy shells, an auxiliary resonant anomalous 

signal is observed, and the atomic form factor can be expressed as a complex number 𝑓 ′ + 𝑖𝑓 ′′. 

Generally, 𝑓 ′′ is proportional to the atomic absorption of the X-rays and their fluorescence and 

𝑓 ′  follows the derivative of this function, according to the Kramer-Kronig transformation 

(143). In contrast to the normal atomic scattering factor 𝑓 ′	 , the anomalous dispersion 

corrections 𝑓 ′ and 𝑓 ′′ depend only on the wavelength 𝜆 of the X-rays used for the diffraction 

experiment and do not diminish with the diffraction angle (142). 

The full atomic form factor is: 

𝑓(𝜃, 𝜆) = 	𝑓m(𝜃) +	𝑓 ′(𝜆) + 𝑖𝑓 ′′(𝜆) 

The dispersive term 𝑓 ′ modifies the real scattering factor, whereas the absorption term f ² is 

90° advanced in phase. In the absence of anomalous scattering, the intensities of reflections 

with indices h, k, l and -h, -k, -l are equal and form Friedel pairs. Friedel’s law states that the 

members of Friedel pairs have the same amplitude, but the opposite phase (Figure 1-14a). 

However, in the presence of anomalous scattering, this relationship is no longer true because 

there is an additional contribution to the phase from the anomalous scatterers, breaking both 

the amplitude and phase relationship between the Freidel pairs (Figure 1-14b).  
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Figure 1-14 Breaking of Friedel’s law. 

a. The normal reflection. b. The effect of anomalous scattering is added to a, breaking the 

relationship between Fhkl and F-h-k-l. The whole non-anomalous part of the structure factors 

(not include any anomalous component) is blue, and the anomalous parts due to the f¢ and 

f² values of the heavy atoms are in red. 

 

The anomalous difference can be used in the same way as the isomorphous difference in 

Patterson or direct methods to locate the anomalous scattered waves. Phases for the native 

structure factors can then be derived in a similar way to the MIR case. Anomalous scattering 

can be used to solve the phase ambiguity in a single isomorphous replacement experiment, 

leading to single isomorphous replacement with anomalous scattering (SIRAS) (138).  

Single-/multi-wavelength Anomalous Dispersion (SAD/MAD) 

Single wavelength anomalous dispersion (SAD) is an approach applied in protein structure 

determination to obtain interpretable electron density maps from intensities containing the 

anomalous signal within a single dataset recorded using only one X-ray wavelength. 

Multiwavelength anomalous dispersion (MAD) is an approach used by comparing the 

anomalous intensities collected at different wavelengths. MAD uses only the wavelength-

dependence of the atomic structure factor of the anomalously scattering atoms for solving the 

phase problem (141, 144, 145). In this approach, several data sets are collected at various 

wavelengths around the absorption edge of the anomalous scatterer present in the crystal and 

the differences in the f ¢ and f ² contributions are utilised for phase calculation (142). 

The scattering from an atom is usually largely independent of wavelength. However, each 

atomic type has a few ‘absorption edges’ around which the scattering varies rapidly (in 

amplitude and phase) with wavelength. By differing the wavelength around the absorption 

edge for an atom, the contribution from those atoms to the total scattering can be different. If 
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the positions of the anomalously scattering atoms are known, such as a few heavy atoms in 

the structure, phase information may be recovered by using the same method as for MIR 

data. In theory, it is possible to obtain an unambiguous phase estimate for a structure factor 

using only a single crystal, by measuring the scattering at a single or several wavelengths at 

the absorption edge (139, 142). Though SAD is simpler than MAD, MAD usually give a better 

initial phase estimate. In addition, the SAD/MAD approach is particularly well suited to 

proteins where methionine residues can be replaced by seleno-methionine derivatives. In 

practice, the selenomethionyl proteins can be produced in the expression cells B834 (DE3) 

cultured in seleno-methionine containing cell media (146–148). Selenium has a sufficiently 

strong anomalous scattering effect allowing phasing of a macromolecule (122).  

1.4.8.3 Molecular replacement 

Molecular replacement (MR) is a phasing method that uses previous information from known 

structures that are related or homologous to protein components in the crystal. The first 

recorded use of the term ‘molecular replacement’ was in 1972 (149). Since no additional 

experimental procedures or data are required, MR is usually applied for structure 

determination when a suitable search model is available. In principle, MR involves rotational 

and translational searches over many possible placements of a molecular model within the unit 

cell of an unknown structure. MR makes use of the fact that proteins with similar sequences 

typically form similar three-dimensional structures. The conventional approach for searching 

structurally related models in MR is to use the sequence of the target protein to search against 

a series of solved structures. Sequence similarity often correlates with structural similarity. 

Given sufficient similarity, a known structure correctly positioned in the unit cell of the target 

structure by MR can provide approximate phase information for the structure of interest. An 

alternative approach (protein sequence independent) for identifying homologous structures is 

to exploit the measured data directly, comparing the lattice parameters searched against the 

entire Protein Data Bank (PDB) or applying a brute-force search of a nonredundant PDB 

database (150). If the crystal diffraction dataset has sufficiently high resolution, fragments as 

small as single atoms of elements usually found in proteins can yield ab initio solutions of 

macromolecular structures, including some that elude traditional direct methods (151). 

In this thesis, the crystal structures of the two ATP driven nucleic acid motors, gp14 from the 

Thermus thermophilus bacteriophage phiKo and the NS3 helicase from Zika virus, were 

determined by molecular replacement, as described in sections 2.2.6 and 3.2.3. 
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2 Structure and function of the DNA packaging ATPase from 

Thermus thermophilus phage phiKo  

2.1 Introduction  

Double-stranded DNA (dsDNA) viruses use ATP-driven motors for loading viral genomes 

into pre-formed viral capsid during virus assembly, in a process known as viral DNA 

packaging. Genome packaging is a crucial step in virus assembly and usually accomplished 

by biological molecular motors that convert the chemical energy of ATP or NTP hydrolysis 

into conformational changes that drive DNA packaging (6, 8, 26). A large group of dsDNA 

viruses, including Poxviruses, giant viruses (such as Pandoravirus), Polintoviruses and 

bacterial Tectiviruses as well as virophages, utilise an FtsK-like ATPase for packaging their 

genome into a pre-formed procapsid, detailed in sections 1.1.1 and 1.2.1.  

This chapter describes structural and functional characterisations of the putative DNA 

packaging ATPase from the bacteriophage phiKo, belonging to the Tectiviridae family. The 

aim of this part of the project was to achieve insights into the structure and functional 

properties of this DNA packaging ATPase. 

2.2 Methods and materials 

2.2.1 Cloning 

The gene of the putative DNA packaging ATPase was derived from the genomic DNA of the 

Thermus thermophilus phage phiKo, namely the fourteenth coding fragment of the forward 

strand of the genome. The product encoded by this gene is here-on referred to as gp14. In order 

to generate a sufficient amount of gp14 for crystallisation and functional characterisations, 

several expression vectors were used for over-expressing the target proteins in vitro to improve 

yield. The target gene was introduced into the expression vectors by Ligation Independent 

Cloning (LIC).  

LIC is a technique developed in the early 1990s as an alternative to restriction enzyme/ligase 

cloning (152). LIC makes use of the 3’ to 5’ activity of a DNA polymerase to create specific 

single-stranded complementary overhangs (of at least 12 bases) on the target vector and the 

DNA fragment for insert created by the polymerase chain reaction (PCR). PCR products with 

complementary overhangs are introduced using primers that contain the appropriate 5’ 

sequence extensions. Inserts are normally amplified by PCR, and linearized vectors can be 

made either by restriction enzyme digestion or by PCR. The ligation-independent In-Fusion 

Cloning or HiFi assembly systems were used for the DNA assembly reaction in this thesis. 
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2.2.1.1 Preparation for linearized LIC vectors by PCR 

In this study, five expression vectors, YSBL-LIC (-), YSBL-LIC3C, pET22b, pET 6 ´ His 

GFP TEV LIC vector (GFP_TEV) and Champion™ pET SUMO, were used for cloning 

constructs of phiKo gp14. YSBL-LIC expression vectors are derived from the pET-28a 

plasmid (Novagen) and have the same expression characteristics (153). The primers for 

annealing the expression vectors of YSBL-LIC (-), YSBL-LIC3C, pET22b and Champion™ 

pET SUMO (listed in Appendix 1) were provided by Maria Chechik in the Antson group. The 

primers for linearization of the plasmid GFP_TEV were designed in this study and are given 

in Appendix 1. All linearized vectors were created by PCR, except for PET22b was linearized 

by restriction enzymes, NdeI and XhoI (Thermo Scientific™). The PCR protocol is given in 

Table 2-1.  

 

Table 2-1 PCR protocols for linearization of the expression vectors. 

Plasmids PCR reaction composition PCR program Steps 

YSBL-LIC 
(-) 

50 µl reaction:    cycles  

  98 °C 30 s 1 Initial 
denaturation  

DNA template 1 µl (~ 
40 ng) 

98 °C 15 s 35 Denaturation 
Forward and reverse primers 
(2 µM for each) 10 µl x 2 60 °C 30 s 35 Annealing 

CloneAmp™ HiFi PCR 
Premix (2´) 25µl 72 °C 120 s 35 Elongation 

Ultra-pure water  Top up 
to 50 µl 72 °C 420 s 1 Final 

elongation 

YSBL-
LIC3C 
 

50 µl reaction:    cycles  

  98 °C 30 s 1 Initial 
denaturation  

DNA template 1 µl (~ 
40 ng) 

98 °C 10 s 35 Denaturation 
Forward and reverse primers 
(2 µM for each) 10 µl x 2 55 °C 30 s 35 Annealing 

CloneAmp™ HiFi PCR 
Premix (2´) 25 µl 72 °C 40 s 35 Elongation 

Ultra-pure water  Top up 
to 50 µl 72 °C 420 s 1 Final 

elongation 

GFP_TEV 

25 µl reaction:    cycles  
  98 °C 30 s 1 Initial 

denaturation  
DNA template (pYM350 
plasmid, amount <100ng) 0.5 µl 98 °C 15 s 40 Denaturation 

Forward and reverse primers 
(2 µM for each) 5 µl x 2 62 °C 20 s 40 Annealing 

CloneAmp™ HiFi PCR 
Premix (2´) 12.5 µl 72 °C 180 s 40 Elongation 
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Ultra-pure water  Top up 
to 25 µl 72 °C 420 s 1 Final 

elongation 

 

DpnI restriction enzyme was used to degrade template DNA (plasmid) after the PCR reactions, 

as no methylases were present in the reaction and the PCR products lacked methylation. The 

DpnI restriction enzyme binds to and digests methylated 5’-GmeATC-3’ sites (154). PCR 

products were digested by 1.5 µl (10 U/µl) DpnI (Thermo Scientific™) in 1 ´ Tango buffer 

(Thermo Scientific™), and the reaction was incubated at 37 °C for 3 h. The linearized plasmid 

was further purified using the NucleoSpin™ Gel and PCR Clean-up kit and stored at - 20 °C 

for further use. 

2.2.1.2 Amplification of genes of interest 

The DNA sequence of the full length phiKo gp14 protein (residues 1 - 203) was amplified 

from the genomic DNA of Thermus thermophilus phage phiKo and cloned into expression 

vectors using either NEBuilder® HiFi DNA Assembly or In-Fusion® HD Cloning Plus system 

to generate N-terminal or C-terminal tag fusions. The genomic DNA of phage phiKo (NCBI 

accession code: MH673671, unpublished) was provided by Anna Lopatina and Konstantin 

Severinov (Skoltech, Moscow). Twelve constructs were cloned to investigate the phiKo gp14 

protein (Table 2-2), and PCR protocols for each construct are given in Table 2-3. Primers for 

amplification of the genes of interest were designed based on LIC (as described above in 

section 2.2.1) and for single-point mutations were designed based on the QuickChange 

protocol (Takara). All primers are shown in Appendix 1. Primers were synthesised by Eurofins 

Genomics Germany GmbH (purification level: salt free).  

 

Table 2-2 List of constructs of phiKo gp14. 

Construct Fusion protein 
name Vector Protein 

residues Type Antibiotics 
resistance 

non-cleavable tag fusion constructs 

pYM351 N-terminal 6 ´ His 
tagged gp14 YSBL-LIC (-) M1-E203 wild 

type 
Kanamycin, 
Chloramphenicol 

pYM418 N-terminal 6 ´ His 
tagged gp14 YSBL-LIC (-) G7-E203 wild 

type 
Kanamycin, 
Chloramphenicol 

pYM419 C-terminal 6´ His 
tagged gp14 pET22b G7-E203 wild 

type 
Ampicillin, 
Chloramphenicol 
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pYM537 

7 amino acid 
insertion for linking 
two N-terminal 6 ´ 
His tagged gp14 

YSBL-LIC (-) M1-E203 wild 
type 

Kanamycin, 
Chloramphenicol 

pYM546 

13 amino acid 
insertion for linking 
two N-terminal 6 ´ 
His tagged gp14 

YSBL-LIC (-) M1-E203 wild 
type 

Kanamycin, 
Chloramphenicol 

pYM569 

10 amino acid 
insertion for linking 
two N-terminal 6 ´ 
His tagged gp14 

YSBL-LIC (-) M1-E203 wild 
type 

Kanamycin, 
Chloramphenicol 

cleavable tag fusion constructs 

pYM350 N-terminal SUMO 
tagged gp14 

Champion™ 
pET SUMO 
 

M1-E203 wild 
type 

Kanamycin, 
Chloramphenicol 

pYM409 N-terminal 6xHis 
tagged gp14 YSBL-LIC3C M1-E203 wild 

type 
Kanamycin, 
Chloramphenicol 

pYM635 N-terminal SUMO 
tagged gp14 

Champion™ 
pET SUMO 
 

M1-E203 K22A 
mutant 

Kanamycin, 
Chloramphenicol 

pYM636 N-terminal SUMO 
tagged gp14 

Champion™ 
pET SUMO 
 

M1-E203 D100A 
mutant 

Kanamycin, 
Chloramphenicol 

pYM637 N-terminal SUMO 
tagged gp14 

Champion™ 
pET SUMO 
 

M1-E203 R124A 
mutant 

Kanamycin, 
Chloramphenicol 

pYM638 N-terminal GFP 
tagged gp14 GFP_TEV M1-E203 wild 

type 
Kanamycin, 
Chloramphenicol 

 

 

Table 2-3 PCR protocol for amplification for phiKo gp14. 

Constructs PCR reaction composition PCR program 

pYM 409 

25 µl reaction:    cycles 
  98 °C 30 s 1 
DNA template 0.5 µl (~ 20 

ng) 
98 °C 10 s 35 

Forward and reverse primers (2 
µM for each) 

5 µl ´ 2 55 °C 30 s 35 

CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 40 s 35 
Ultra-pure water  Top up to 25 µl 72 °C 420 s 1 

pYM418, 50 µl reaction:    cycles 
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pYM419   98 °C 30 s 1 
DNA template 1 µl (~ 40 ng) 98 °C 10 s 35 
Forward and reverse primers (2 
µM for each) 

10 µl ´ 2 55 °C 30 s 35 

CloneAmp™ HiFi PCR Premix 
(2´) 

25 µl 72 °C 40 s 35 
Ultra-pure water  Top up to 25 µl 72 °C 420 s 1 

pYM537 

25 µl reaction:    cycles 
  98 °C 30 s 1 
DNA template 0.5 µl (~ 20 

ng) 
98 °C 15 s 35 

Forward and reverse primers (2 
µM for each) 

5 µl ´ 2 60 °C 30 s 35 

CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 40 s 35 
Ultra-pure water  Top up to 25 µl 72 °C 300 s 1 

pYM546 

25 µl reaction:    Cycles 
  98 °C 30 s 1 
DNA template 0.3 µl (~ 20 

ng) 
98 °C 15 s 40 

Forward and reverse primers (2 
µM for each) 

5 µl ´ 2 65 °C 30 s 40 

CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 50 s 40 
Ultra-pure water  Top up to 25 µl 72 °C 300 s 1 

pYM569 

25 µl reaction:    Cycles 
  98 °C 30 s 1 
DNA template 0.3 µl (~ 20 

ng) 
98 °C 15 s 40 

Forward and reverse primers (2 
µM for each) 

5 µl ´ 2 65 °C 30 s 40 
CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 50 s 40 
Ultra-pure water  Top up to 25 µl 72 °C 300 s 1 

pYM635, 
pYM636, 
pYM637 

25 µl reaction:    cycles 
  98 °C 30 s 1 
DNA template (pYM350 plasmid) 0.5 µl (~ 20 

ng) 
98 °C 10 s 16 

Forward and reverse primers (2 
µM for each) 

4 µl ´ 2 55 °C 30 s 16 

CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 180 s 16 
Ultra-pure water  Top up to 25 µl 72 °C 420 s 1 

pYM638 

25 µl reaction:    cycles 

  98 °C 30 s 1 

DNA template (pYM569 target 
gene PCR product) 

0.5 µl (~ 20 
ng) 

98 °C 15 s 40 

Forward and reverse primers (2 
µM for each) 

4 µl ´ 2 68 °C 30 s 40 

CloneAmp™ HiFi PCR Premix 
(2´) 

12.5 µl 72 °C 50 s 40 
Ultra-pure water  Top up to 25 µl 72 °C 300 s 1 
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PCR product, produced using plasmid as a template, was digested by DpnI (Thermo 

Scientific™) as described in section 2.2.1.1. To ensure bands of approximately the correct size 

were formed, 0.5 µl of the digestion product was resolved by electrophoresis using a 1% 

agarose gel, and 1 µl 1 ´ DNA gel loading dye (Thermo Scientific™) was added to the sample 

before loading it onto the gel. The gel was run in 1´ TAE buffer at 100 V for 60 min, stained 

with 1 ´ SYBR™ safe dye (diluted from 10,000-fold stock) and then visualised using the 

GelDoc system (BioRad). 1 ́  TAE buffer contains 40 mM Tris pH 8.3, 20 mM acetic acid and 

1 mM EDTA. The PCR products with correct lengths (sizes) were further purified using the 

NucleoSpin™ Gel and PCR Clean-up kit and stored at - 20 °C for subsequent use. 

2.2.1.3 Cloning of engineered homodimer constructs of phiKo gp14 

Since gp14 protein possesses an FtsK-like fold and equivalent conserved Walker A and B 

motifs, based on sequence alignment and structure analysis, discussed in results section 2.3.4, 

gp14 is expected to form an oligomer in vivo, like other FtsK/HerA family members (as 

discussed in sections 1.3.2, 1.3.3 and 1.3.3.1). However, the fusion proteins produced in this 

study were purified as a monomer and crystallised as a monomer species, as discussed in 

sections 2.3.2 and 2.3.4 below. Therefore, a protein engineering approach was adopted in an 

attempt to engineer two gp14 monomers in one polypeptide chain with a flexible linker. The 

linkers of the engineered homodimer of phiKo gp14 were designed based on a method 

previously used for an AAA+ family ATPase (155). The homodimer of phiKo gp14 with an 

inserted polypeptide chain linker was modelled on the basis of the crystal structure of P. 

Aeruginosa FtsK hexamer [PDB code 2IUU, (72)]. Such modelling showed that a 7-amino 

acid (aa) linker has sufficient length for connecting the C-terminus of one subunit to the N-

terminus of the next adjacent subunit in the clockwise direction. Modelling also suggested that 

a linker length with 7 - 13 amino acids is not able to connect the N terminus of the adjacent 

counter-clockwise subunit.  
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Figure 2-1 Cloning protocol of engineered homodimer constructs. 

a. Reactions 1 and 2 for producing gp14 genes with unique 5’ and 3’ ssDNA overhangs, 

coloured in blue, orange and grey, respectively. b. Linearization of the expression vector 

of YSBL-LIC (-); c. DNA assembly of the recombinant plasmid expressing the engineered 

homodimer constructs. 

 

In order to investigate methods to improve oligomerisation of the phiKo gp14, three 

engineered constructs, pYM537, pYM546 and pYM569, were cloned by linking the genes for 

two gp14 monomers with a DNA sequence coding for a short flexible linker. The phiKo gp14 

gene was amplified from the genomic DNA and assembled into a tandem construct, or 

‘double-gene’, separated by the linker sequence (Figure 2-1). The PCR primers were designed 

to generate unique specific single-stranded (ss) overhangs on the 5’ end and 3’ end of the gp14 

gene in two separate reactions, respectively, based on DNA assembly protocols to introduce 

the recombinant fragments into the YSBL-LIC(-) expression vector (Figure 2-1). To generate 

the fusion between the tandem genes, primers in this segment were designed to create an 

overlapping region that included the 3’ region of the gene for the first subunit, the linker DNA 

sequence (encoding for 7, 10 or 13 amino acids, respectively) and the 5’ region of the second 

DNA segment in the engineered ‘double-gene’. Specifically, primer A in reaction 1 was used 

for introducing the 5’ overhang of the amplified insert for further assembly onto the expression 

vector YSBL-LIC(-), and primer B in reaction 1 was used for introducing a 3’ overhang for 

further generating a portion of the linker coding region. Primer C in reaction 2 was used for 
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introducing a 5’ overhang for generating a part of the linker coding sequence, and primer D 

used in reaction 2 was designed to introduce a vector specific 3’ overhang to the insert for 

further assembly onto the expression vector YSBL-LIC (-) (Figure 2-1). Primers used in this 

section are listed in Appendix 1. 

2.2.1.4 Target gene and linearized LIC vectors ligation 

Ligation was performed based on the NEBuilderä HiFi DNA assembly or In-Fusion® HD 

cloning (Clontech) protocol. Detailed reaction compositions for each commercial kit are given 

in Table 2-4. The reactions were incubated according to the commercial protocols. 

 

Table 2-4 DNA assembly protocol for fusion proteins of phiKo gp14. 

NEBuilderä HiFi DNA Assembly protocol In-Fusion® HD Cloning protocol (Clontech) 

10 µl reaction: 6 µl reaction: 

Linearized expression 
vector  

50 -100 ng Linearized expression 
vector  

50 -100 ng 

DNA fragment 1* 50 - 100 ng DNA fragment 1* 50 - 100 ng 

DNA fragment 2* 50 - 100 ng DNA fragment 2* 50 - 100 ng 

2 ´ NEBuilder HiFi DNA 
Assembly master mix  

5 µl 6 ´ In-Fusion® HD 
Cloning master mix 

1 µl 

Recommended DNA 
Molar Ratio 

Vector : insert = 
1:2 

Recommended DNA 
Molar Ratio 

Vector : insert = 1:1 

* DNA fragments 1 and 2, as well as the linearized plasmid YSBL-LIC (-) were used for 

generating the DNA for coding for the protein product that linked two gp14 proteins in 

one polypeptide chain. DNA fragments 1 and 2 corresponded to the products from 

reactions 1 and 2, respectively, in Figure 2-1.  

2.2.1.5 Transformation 

Before transformation, the commercial Stellarä chemical competent cells (Clontech) were 

placed on ice to thaw. 3 µl of the product from DNA assembly reaction (in section 2.2.1.4) 

was transferred into 50 µl of thawed competent cells. The cell mixture was kept on ice for 20 

min. The transformation reactions were incubated for 45 s at 42 °C for a ‘heat shock’ and then 

immediately placed on ice for 2 minutes. 240 µl SOC media (Clontech) was then added to the 

transformation reaction which was incubated at 37 °C with shaking (220 rpm) for 1.5 h. 

Approximate 300 µl of each reaction was plated on pre-incubated (at 37 °C) Luria-Bertani (LB) 

agar plates containing the appropriate antibiotic as necessary (30 µg/ml Kanamycin and/or 34 

µg/ml Chloramphenicol or 100 µg/ml Ampicillin) and incubated at 37 °C overnight. 
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2.2.1.6 Recombinant plasmid validation by colony PCR 

Single colonies were carefully picked to produce template DNA for colony PCR, and the 

remainder of the same colony on the original plate was kept for further use. YSBL-LIC vectors 

are derived from the pET28a expression vector, which is under control of a robust 

bacteriophage T7 promoter, whose transcription is induced by T7 RNA polymerase expressed 

in the host cell. Hence, a portion of the T7 promoter sequence was used as the forward primer 

and the target gene’s (gp14 gene) reverse primer was used for verifying the recombinant 

plasmid by colony PCR (Table 2-5). Alternative primers for colony PCR were the target gene 

forward primer, and a portion of T7 transcription terminator sequence (sequences are given in 

Appendix 1). The single colony containing recombinant plasmid as defined by a PCR product 

of the correct size was picked and transferred into the 20 - 30 ml LB media supplemented with 

appropriate antibiotics and cultured at 37 °C overnight with 200 rpm shaking. 

 

Table 2-5 Colony PCR protocols for recombinant plasmids of phiKo gp14. 

PCR reaction composition PCR program 

20 µl reaction:    cycles 
  94 °C 60 s 1 

DNA template  One single colony 94 °C 20 s 25 

Forward and reverse primers (2 µM) 4 µl x 2 55 °C 30 s 25 

DreamTaq DNA Polymerase (5 
U/µL) (Thermo Scientific™) 
 

12.5 µl 72 °C 100 s 25 
 

dNTP (25 µM) 0.2 µl 72 °C 300 s 1 

10x PCR reaction buffer (Thermo 
Scientific™) 

2 µl 10 °C hold 

Ultra-pure water   Top up to 20 µl    

 

The overnight culture containing the recombinant plasmid was centrifuged to pellet the cells, 

and the supernatant was discarded. The cell pellets were then used for extraction and 

purification of the recombinant plasmids which were purified using the NucleoSpin™ plasmid 

purification Kit. Purified DNA was stored at -20 °C for future use. 10 µl of the purified plasmid 

(50 - 80 ng/µl) was used for further validation by sequencing (GATC Biotech) using the T7 

and pRSET-RPnew primers. The successfully cloned recombinant plasmids with the correct 

sequences were transferred into expression cells via transformation as described above (in 

section 2.2.1.5), with slight modification depending on the properties of the cells and vectors 

used. Unless otherwise stated, the Rosetta™ (DE3) pLysS cells were used for protein 

expression in this study. 
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2.2.2 Protein expression  

Rosetta™ host strains are E. coli BL21 derivatives designed to enhance the expression of 

eukaryotic proteins that contain rare codons in E. coli. In Rosetta™ (DE3) pLysS, the rare 

tRNA genes are present in the same plasmids that carry the T7 lysozyme gene. DE3 indicates 

that the host cell contains a lysogen of λDE3 and carries the T7 RNA polymerase gene under 

control of the lacUV5 promoter. pLysS strains further suppress basal expression of T7 RNA 

polymerase before induction (156). When vectors containing the T7lac promoters are used in 

DE3 cells, the lac repressor acts both at the lacUV5 promoter in the host chromosome to 

repress transcription of the T7 RNA polymerase gene by the host polymerase and at the T7lac 

promoter in the vector to block transcription of the target gene by any T7 RNA polymerase 

that is made. The transcription of the T7 RNA polymerase gene is controlled by the 

introduction of a lactose derivative, Isopropyl-β-D-thio-galactoside (IPTG). When IPTG is 

added to the culture, it binds to the lac repressor and releases the repressor from the lac 

operator and enables transcription of T7 RNA polymerase, which in turn binds to the T7 

promoter on the vector and transcribes the cloned gene (157).  

Freshly transformed colonies containing the recombinant expression plasmids were picked 

and transferred to fresh autoclaved LB media (400 ml), containing 30 µg/ml Kanamycin or 

100 µg/ml Ampicillin and 34 µg/ml Chloramphenicol, and cultured overnight at 37 °C with 

shaking (200 rpm). The LB media was prepared by dissolving one LB powder capsule 

(Thermo Scientific™) into 1 L of deionised water. The next day, 60 ml of the overnight culture 

was transferred to 6 L freshly prepared, sterile LB media with corresponding antibiotics. The 

cell mixture was incubated at 37 °C with shaking (at 220 rpm) until the OD600 reached 0.6 - 

0.8, then IPTG was added to the cell culture to a final concentration of 1 mM. Overnight 

expression of the protein was carried out at 16 °C with 200 rpm shaking. Induction 

optimisation tests suggested that expression at 16 °C overnight for each construct appeared to 

improve yield with less precipitation of the phiKo gp14 protein, compared to 37 °C (data not 

shown). The induction tests for pYM350 and pYM351 constructs in Rosetta™ (DE3) pLysS 

expression cells were performed by Owen Jarman in the Antson group during his 

undergraduate summer research project. The cell pellets were harvested by centrifugation in 

an Avanti J-26S high-speed centrifuge (Beckman) for 20 min at 5000 g, 4 °C.  

2.2.2.1 Solubility test 

Cell pellets from 1 ml of overnight IPTG induction culture were harvested and resuspended in 

250 µl buffer. Results were resolved with SDS-PAGE by loading 15 µl of each sample onto a 

15% polyacrylamide gel. Thirteen buffers were used for N-terminal non-cleavable 6 ´ His 

tagged protein (gp14NNH1-203) solubility test, and buffer details are given in Appendix 2. 
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2.2.3 Protein purification strategies  

In this study, nickel affinity chromatography, size exclusion chromatography and ion 

exchange chromatography were applied for protein purification. Some basic information of 

these approaches is discussed briefly in the sections 2.2.3.1 – 2.2.3.3 below. 

2.2.3.1 Nickel affinity chromatography 

Metal affinity chromatography is a method based on the interactions of a transition metal ion, 

such as nickel (Ni2+), immobilised on a matrix and specific amino acid sidechains (158). Ni2+ 

is electrochemically stable under the experimental conditions used in protein chromatography 

(159). Histidine residues exhibit the most potent interaction with immobilised metal ion 

matrices, as electron donor groups on the histidine imidazole ring readily form coordination 

bonds with the immobilised transition metal. Affinity tag containing 6 ́  histidine is commonly 

used in immobilised nickel affinity chromatography and are efficiently retained on the column 

matrices. Following washing of the matrix material to remove contaminating proteins, 

polypeptides containing poly-histidine sequences can be eluted, as the main product, by adding 

free imidazole to the column (158). Imidazole is a strong unidentate ligand/ligate displacer 

and useful in desorption of proteins from the immobilised Ni2+ ions. Imidazole at low 

concentrations (0.001 - 0.03 M) is the eluting agent of choice for removing proteins that are 

weakly adsorbed to the Ni2+ ions, and it is also excellent as a protein displacer when used in 

either step-wise or gradient elution protocols (159). 

2.2.3.2 Size exclusion chromatography 

Size exclusion chromatography (also called gel filtration chromatography) is a technique for 

separating proteins and other biological macromolecules based on molecular size. The packed 

chromatography resin is equilibrated with a buffer which fills the pores of the matrix and the 

space between the particles. The liquid inside the pores, or stationary phase, is in equilibrium 

with the liquid (buffer or mobile phase) outside the particles. Results from size exclusion 

chromatography show the distribution in sample components as they are eluted from the 

column in order of their molecular sizes. Molecules that are larger than the largest pores in the 

matrix cannot enter the matrix and are eluted directly through the column (void volume). 

Molecules with partial access to the pores of the matrix are separated and eluted from the 

column in order of decreasing size (160). 

2.2.3.3 Ion exchange chromatography 

Ion exchange chromatography separates molecules based on differences in their surface net 

charge. Molecules vary considerably in their charge properties and will show different 
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interactions with charged chromatography media according to differences in their overall 

charge, charge density, and surface charge distribution. The reversible interactions between 

charged molecules and oppositely charged chromatography media are controlled in order to 

favour binding or elution of specific molecules and achieve separation. A protein has no net 

charge at a pH value equivalent to its isoelectric point (pI) and will not interact with the 

charged medium. However, at a pH above its pl, a protein will bind to positively charged 

medium, and conversely, will bind to negatively charged medium at pH values below its pI 

(161). 

2.2.4 Protein purification for phiKo gp14 constructs 

2.2.4.1 Fusion proteins with cleavable expression tag 

In this thesis, six fusion constructs with cleavable expression tags, gp14NCS1-203, gp14NCH1-203, 

gp14NCS1-203_K22A, gp14NCS1-203_D100A, gp14NCS1-203_R124A and gp14NCG1-203 were made in 

an attempt to obtain a sufficient amount of soluble and stable phiKo gp14 protein that are 

suitable for structural and biochemical studies (see details of each construct in Table 2-6).  

Table 2-6 Fusion proteins of phiKo gp14 with cleavable tags. 

Fusion protein Recombinant plasmid Fusion tag 

gp14NCS1-203 pYM350 SUMO 

gp14NCH1-203 pYM409 6 ´ His 

gp14NCS1-203_K22A pYM635 SUMO 

gp14NCS1-203_D100A pYM636 SUMO 

gp14NCS1-203_R124A pYM637 SUMO 

gp14NCG1-203 pYM638 GFP_TEV 

 

Nickel affinity chromatography  

Construct gp14NCS1-203 is a fusion protein of phiKo gp14 with a cleavable N-terminal SUMO 

tag. The harvested cell pellets were resuspended in lysis buffer in a ratio of 5 g cell pellets to 

50 ml buffer. Lysis buffer contains 50 mM Tris pH 7.5, 1 M NaCl, 10% glycerol and 5 mM 

Dithiothreitol (DTT), 100 μg/ml lysozyme and protease inhibitors (1 mM AEBSF and 0.7 

μg/ml pepstatin). Resuspended cells were placed in a glass beaker and disrupted by sonication 

on ice to minimise thermal damage to the cell lysate. The cell debris was removed by fixed 

angle centrifugation at 18,000 rpm for 50 minutes at 4 °C using a Sorvall SS34 rotor in a 

Sorvall Evolution high-speed centrifuge (Beckman Coulter). The supernatant was collected 

and loaded onto a 5 ml HisTrap column (GE Healthcare) which was pre-equilibrated with the 

binding buffer for nickel affinity chromatography (50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 
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20 mM imidazole and 1 mM DTT). The bound protein eluted with a linear gradient of 20 – 

500 mM imidazole in the same binding buffer on an ÄKTA Fast protein liquid 

chromatography (FPLC) system (GE Healthcare). 

The eluted fractions were verified as containing the protein of the correct size by SDS-PAGE 

in the SDS running buffer containing 25 mM Tris, 192 mM glycine and 1% SDS at 200 V for 

60 min. 1 ´ loading buffer containing 10% Glycerol, 62.5 mM Tris-HCl pH 6.8, 2% SDS, 

0.01% bromophenol blue and 1.25% beta-mercaptoethanol was added to the protein sample 

which was then heated at 95 °C for 5 min before loading on to the gel. In addition, a standard 

protein marker was run alongside the samples of interest to determine the approximate 

molecular weights of the protein components of the sample. 

SDS-PAGE 

Polyacrylamide gel electrophoresis (PAGE) is a technique for separating molecules by size 

and charge. SDS is a detergent that denatures secondary and non-disulphide linked tertiary 

protein structures and covers them with negative charges. Therefore, the charge/mass ratio of 

proteins in the sample is uniform, and separation is mostly determined by their molecular size. 

The commonly used SDS-PAGE system was first described by Laemmli (162), and is also 

named as Laemmli SDS-PAGE system. Typically, the gel used in this system is discontinuous 

with an upper stacking gel and lower resolving gel that have different pH values and 

polyacrylamide concentrations. The upper stacking gel has a lower percentage of 

polyacrylamide and low pH buffer (~ 6.8) allowing proteins to move through quickly and 

‘stack’ into a tight band before entering into the resolving gel which contains a higher 

percentage of polyacrylamide and higher buffer pH (~ 8.8) for separation. Glycine, in gel 

running buffer (pH ~ 8.3), can exist in three different charge states, positive, neutral or 

negative, depending on the pH; therefore, control of the charge state of the glycine by the 

different buffers is the key to the PAGE. When the gel is running, the negatively charged 

glycine in the pH ~ 8.3 running buffer are forced to enter the stacking gel (pH ~ 6.8) and 

switches predominantly to the neutral state. The Cl- ions in the stacking gel, move much faster 

and migrate ahead of the glycine. All of the proteins in the gel sample have electrophoretic 

mobility that is intermediate between the mobility of the glycine and Cl-, when the two fronts, 

glycine and Cl-, sweep through the sample well, the proteins are concentrated into the narrow 

zone between the Cl- and glycine fronts. When this front reaches the resolving gel (pH ~ 8.8), 

the glycine molecules are mostly negatively charged and can migrate much faster than the 

proteins. Thus, the glycine front accelerates past the proteins. The proteins are then ‘stacked’ 

in a very narrow band at the interface of the stacking and resolving gels. The resolving gel has 

a higher polyacrylamide concentration for the separation of the protein components (163). In 

addition, the concentrations of polyacrylamide in the resolving gel can be optimised for the 



 58 

size range of molecules present in the sample. Small proteins will move through the resolving 

gel faster than large proteins (164).  

The relatively pure fractions with protein bands of the approximately correct size were pooled 

and dialysed against the buffer of 50 mM Tris 7.5, 1 M NaCl, 10% glycerol and 1 mM DTT 

to remove imidazole. The sample (in low or no imidazole buffer) was transferred into 50 ml 

falcon tubes. 5 mM DTT and SUMO protease (in a 1:50 mass ratio of SUMO protease to 

gp14NCS1-203 protein) were added to the collected fractions and mixed gently and thoroughly. 

The protein mixture was incubated at room temperature overnight for SUMO protease 

digestion, and the digested product was verified by SDS-PAGE using a 15% polyacrylamide 

gel. The successfully digested protein was re-purified over a 5 ml HisTrap column which was 

pre-equilibrated with the same binding buffer (described above). The unbound protein 

fractions were collected as the target protein with the tag removed and were checked by SDS-

PAGE. The pure fractions were concentrated to a small volume (0.5 ml - 5 ml) by 

centrifugation of samples at 4500 rpm, 4 °C using Vivaspin® 20 concentrators (MWCO 10,000, 

Sartorius) or by PEG solution concentrating using a 10 kDa cut-off dialysis membrane with 

slow stirring in a 50% solution of PEG 35000 in the buffer containing 20 mM Tris 7.5, 1 M 

NaCl, 10% glycerol and 1 mM DTT. 

Size exclusion chromatography (SEC) 

In order to obtain high purity and homogeneous protein as a standard requirement for 

crystallisation, size exclusion chromatography (SEC) was performed. The concentrated 

protein of interest (in a volume of ~ 3 - 5 ml) was loaded onto a HiLoad 16/600 Superdex 75 

prep grade column (GE Healthcare). The column was pre-equilibrated with SEC buffer 

containing 20 mM Tris 7.5, 1 M NaCl, 10% glycerol, 0.2 mM DDM and 1 mM DTT. The 

peak fractions were collected and validified by SDS-PAGE. The fractions containing a single 

band of the correct molecular weight were pooled and concentrated for immediate use in the 

following experiments or stored at - 80 °C after flash freezing in liquid nitrogen for future use. 

Gp14NCH1-203 comprises an N-terminal cleavable 6 ´ His tag which can be digested by 3C 

protease. In this study, 1:50 mass ratio of 3C protease to protein sample was used for protein 

digestion. The fusion protein gp14NCH1-203 was purified similarly to gp14NCS1-203, but different 

buffers were used for purification. The nickel affinity binding and SEC buffers were made 

according to the properties of the gp14NCH1-203 protein, as detailed in Appendix 3. In addition, 

the N-terminal cleavable SUMO tagged fusion constructs of phiKo gp14 protein mutants, 

gp14NCS1-203_K22A, gp14NCS1-203_D100A and gp14NCS1-203_R124A, were purified similarly to 

gp14NCS1-203. Buffers for purification of each construct were optimised according to their 

intrinsic properties and are listed in Appendix 3. 
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2.2.4.2 Fusion proteins with non-cleavable tags 

In this study, six fusion constructs with non-cleavable tags, gp14NNH1-203, gp14NNH7-203,  

gp14CNH7-203,  gp14NNHL7,  gp14NNHL13,  gp14NNHL10, gp14CNG1-203, were made in an attempt to 

harvest soluble phiKo gp14 protein and to investigate the oligomerization state. Details of each 

construct are given in Table 2-7.  

Table 2-7 Fusion proteins of phiKo gp14 with non-cleavable tags. 

Fusion protein Recombinant plasmid Fusion tag 

gp14NNH1-203 pYM351 6 ´ His 

gp14NNH7-203 pYM418 6 ´ His 

gp14CNH7-203 pYM419 6 ´ His 

gp14NNHL7 pYM537 6 ´ His 

gp14NNHL13 pYM546 6 ´ His 

gp14NNHL10 pYM569 6 ´ His 

 

Gp14NNH1-203 is the fusion construct of phiKo gp14 ATPase with a non-cleavable N-terminal 

6 ´ His tag. The harvested cell pellets were resuspended in lysis buffer in a ratio of 25 g cell 

pellets to 200 ml buffer. The protein of gp14NNH1-203 is purified similarly to the gp14NCS1-203 for 

the first nickel affinity chromatography, as described above (in section 2.2.4.1), and 

purification buffers used for gp14NNH1-203 are given in Appendix 3. When purifying the protein 

sample for ATPase activity and DNA binding assays, the lysis and binding buffers were made 

without MgCl2. The eluted fractions were verified by SDS-PAGE and were further purified 

by size exclusion chromatography in a similar protocol described above for gp14NCS1-203 in 

section 2.2.4.1, using slightly different SEC buffer (Appendix 3). 

The other five protein constructs with N-terminal non-cleavable 6 ´ His-tag were purified 

using a similar purification strategy as described above, while the purification buffers were 

adjusted according to the properties of each protein constructs. Buffers for purifying each 

construct are listed in Appendix 3. 

2.2.5 Crystallisation screens and optimisations 

Since protein crystallisation requires relatively large amounts of protein with high 

concentration and purity, only the construct of gp14NNH1-203, phiKo gp14 with an N-terminal 

non-cleavable 6 ́  His tag fusion, most satisfied these requirements (for details in section 2.3.3). 

This protein construct (gp14NNH1-203) was used for crystallisation in this study. 

The sitting-drop vapour diffusion method (this method is detailed in section 1.4.1 above) was 

used for initial crystallisation screens. The screens were performed using 96-well SWISSCI® 
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MRC 2-drop crystallisation plates. Droplets were prepared by mixing 150 nl protein solution 

with 150 nl of reservoir solution (or 300 nl protein solution and 150 nl reservoir solution for 

optimisation) using the Mosquito® liquid handling instrument (TTP Labtech). The 

crystallisation drops were equilibrated against 54 μl of reservoir solution at 20 °C. The initial 

crystal trays were performed using commercial screens: Index HT (Hampton Research); 

PACT Premier HT (Molecular Dimensions); and MPD (Qiagen). Further optimisation was 

performed to generate single well-diffracting crystals of  > 10 μm in size. Unliganded protein 

sample was in a buffer solution containing 20 mM Tris 8.0, 0.5 M NaCl, 5% glycerol, 20 mM 

MgCl2 and 2 mM DTT. The complexes of phiKo gp14 with ADP, AMPPNP and AMPPCP 

were formed by adding 10 mM ADP, AMPPNP and AMPPCP, respectively, to 2.2 - 2.5 mg/ml 

phiKo gp14 (in the same buffer) and incubating at room temperature for at least 20 min prior 

to crystallisation. Crystals of complexes of phiKo gp14-phosphate, gp14-ADP, gp14-

AMPPNP and gp14-AMPPCP grew in similar optimised conditions containing 0.1 M citric 

acid pH 4.5 or 5.0 and 6% - 15% MPD. Subsequently, in this study, these crystallisation 

conditions were optimised in 96-well plates with optimal reservoir solutions. Crystals were 

tested using a Rigaku RU-H3R X-ray generator with a rotating anode, equipped with Osmic 

multilayer optics and a MAR345 (Mar Research) imaging-plate detector.  

2.2.6 X-ray data collection, structure determination and model building  

X-ray data of the well diffracting crystals were collected using synchrotron radiation at the I02 

beamline at the Diamond light source, Didcot. Sam Hart and Dr. Johan Turkenburg 

(University of York) assisted in X-ray data collected from the well-diffracting crystals. Data 

of phiKo gp14-phosphate, gp14-ADP, gp14-AMPPNP and gp14-AMPPCP were processed 

using XDS (165). The initial model of phiKo gp14 was solved by molecular replacement using 

Phenix.mr-rosetta (166) and Phaser (version 2.6.0)(167) and was re-built in SHELXE (168) 

and ARP/wARP (169). Molecular models of phiKo gp14 were manually built in Coot (170) 

and refined by Refmac5 (171) using the CCP4i2 suite (172). Structures of phiKo gp14 

complexes with ADP, AMPPNP and AMPPCP were refined using phiKo gp14-phosphate as 

the initial model, respectively. Unless otherwise mentioned, figures for structures in this thesis 

were generated using CCP4MG (173) or Chimera (174). 

2.2.7 Nano differential scanning fluorimetry (NanoDSF) 

Thermal unfolding curves, utilising the intrinsic tryptophan and tyrosine fluorescence of the 

phiKo gp14 protein in different buffer conditions, were measured by Nano differential 

scanning fluorimetry (NanoDSF). The basis of NanoDSF is that changes in polarity of the 

microenvironment around the aromatic amino acids (predominantly tryptophan), and protein 

unfolding leads to a difference in the average emission wavelength of the intrinsic fluorescence 
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of the aromatic amino acids. Typically, a shift occurs from 330 nm to 350 nm in a protein 

indicating that the local environment of the tryptophan changes from fully buried to 

completely exposed to water or solvent, resulting in an increase in the ratio of fluorescence 

intensities  at 350 nm and 330 nm (F350/330). Generally, the F350/330 yields data with well-defined 

transitions on protein unfolding (175). 

10 µl soluble proteins of the untagged gp14 (gp14NCS1-203, the gp14 protein with a native N-

terminus by cleaving SUMO tag) were placed in the standard capillaries (NanoTemper 

Technologies). A temperature gradient of 1 °C/min from 25 to 95 °C was applied for the 

measurements, and the intrinsic protein fluorescence emission at 330 and 350 nm was recorded 

using the Prometheus NT.48 instrument (NanoTemper Technologies). Data were analysed by 

the PR.ThermControl software to determine the thermal unfolding transition midpoint or 

melting temperature (Tm, °C) and interpreted by OriginPro 2017 (OriginLab, Northampton, 

MA). Each assay was performed with two replicates. 

2.2.8 Malachite green ATPase activity assay 

The Malachite Green ATPase activity assay is a sensitive spectrophotometric measurement 

for detecting inorganic phosphate produced by ATP hydrolysis, employing the reaction of 

phosphomolybdate with the malachite green to form a coloured complex (176), as seen in 

Figure 2-2. Malachite green is a basic dye belonging to the triphenylmethane group. The colour 

formation from the reaction can be measured on a spectrophotometer (at 600 - 660 nm).   

 

Figure 2-2 Schematic diagram of the Malachite green reaction. 

ATP hydrolysed by ATPase, i.e. gp14 in this thesis. Pi indicates the inorganic phosphate. 

The reaction product, malachite green phosphomolybdate complex, absorbs strongly at a 

wavelength of 600 – 660 nm. 

  

To compare the ATPase hydrolysis rate of each construct of phiKo gp14, the soluble fraction 

of untagged phiKo gp14 (gp14NCS1-203 with a native N-terminus by cleaving SUMO tag), 

untagged phiKo gp14 with the post-cleavage G-P-A residues at the N-terminus (gp14NCH1-203) 

and N-terminal 6 ´ His tagged phiKo gp14 (gp14NNH1-203) were used for the ATPase activity 
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assay. Final concentrations of 0.5 µM, 1 µM and 2 µM of each protein were used for the 

measurements. Reactions were performed in a buffer containing 20 mM Tris 8.0, 250 mM 

NaCl, 5% glycerol, 0.2 mM DDM, 5 mM magnesium acetate, 1 µM TCEP and 5 µg/ml BSA 

were initiated by adding 0.4 mM ATP. Reactions were incubated at 50 °C for 30 min. Each 

sample has duplex replicates. 

To probe the factors that can affect gp14 ATPase activity, 2 µM untagged phiKo gp14 

(gp14NCS1-203 with a native N-terminus by cleaving the SUMO tag) was used for the following 

assays, due to it being relatively more active compared to the other two constructs: (i) For the 

assays of the effect of ATP concentration on ATPase activity, reactions were performed in a 

buffer containing 10 mM citric acid pH 5.0, 5% glycerol, 100 mM NaCl, 0.2 mM DDM, 5 

mM magnesium acetate, 1 µM TCEP and 5 µg/ml BSA and were initiated by adding ATP and 

incubated at 50 °C for 30 min; (ii) To assay the effect of pH on the ATPase activity, the applied 

reaction conditions containing 10 mM buffer (pH 5 - 9), 250 mM NaCl, 5% glycerol, 0.2 

mM DDM, 5 mM magnesium acetate, 1 µM TCEP and 5 µg/ml BSA. Reactions were initiated 

by adding 0.5 mM ATP and incubated at 70 °C for 1 h; (iii) For the assays on the effect of 

reaction temperature on the ATPase activity, the performed reaction conditions containing 10 

mM Tris 8.0, 100 mM NaCl, 5% glycerol, 0.2 mM DDM, 5 mM magnesium acetate, 1 µM 

TCEP and 5 µg/ml BSA. The reaction was initiated by adding 0.4 mM ATP and was incubated 

at 50, 60 or 70  °C for 1 h; (iv) To determine the effect of NaCl concentration (from 100 mM 

to 550 mM) on ATPase activity, reactions containing 10 mM Tris 7.5, 5% glycerol, 0.2 

mM DDM, 5 mM magnesium acetate, 1 µM TCEP and 5 µg/ml BSA as well as different 

concentrations of NaCl, were utilised. The reactions were initiated by adding 0.4 mM ATP 

and were incubated at 70 °C for 1 h. (v) To assay the effects of reaction/incubation time on 

ATPase activity, reactions were performed in a buffer of 10 mM Tris 7.5, 1 µM TCEP, 50 mM 

sodium citrate, 5% glycerol, 5 mM magnesium acetate, 0.2 mM DDM and 5 µg/ml BSA. The 

sample reactions were incubated at 50 °C for 10 min, 20 min, 30 min and 1 h, respectively. 

Each sample has duplex replicates, except for the incubation time effects assay has triplex 

replicates. 

All assays were performed using colour reagent from ATPase/GTPase Activity Assay Kit 

(Sigma) on Corning® 96-well flat-bottom plates. KH2PO4 was used to generate an inorganic 

phosphate (Pi) concentration standard curve (Appendix 5). Data (absorbance at the wavelength 

of 620 nm, A620) were recorded at room temperature in an Epoch Microplate 

Spectrophotometer (BioTek). 
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2.2.9 Electrophoretic mobility shift assay (EMSA) 

Electrophoretic mobility shift assay (EMSA) is a common affinity electrophoresis technique 

under non-denaturing (native) conditions for the separation of a protein-nucleic acid mixture 

(177). The EMSA technique is based on the observation that protein–nucleic acid complexes 

migrate more slowly than free linear DNA fragments when subject to non-denaturing 

polyacrylamide or agarose gel electrophoresis. Because the DNA migration rate is shifted or 

retarded when bound to protein, the assay is also referred to as a gel shift assay. EMSA buffers 

do not contain the denaturing anionic detergent component SDS; hence, EMSA separates 

proteins according to both their intrinsic charge and volume. The relatively low ionic strength 

of the electrophoresis buffer helps to stabilise transient interactions, permitting even labile 

complexes to be resolved and analysed by this method (177). 

The binding of dsDNA to the N-terminal 6 ´ His tagged phiKo gp14 protein (gp14NNH1-203) 

was probed by mixing 20 nM 30 bp Cy5-labelled dsDNA, with a series of protein dilutions, 1 

mM ATPgS, 5 mM MgCl2 in reaction buffer containing 10 mM Tris 7.5, 50 mM NaCl, 0.2 

mM DDM and 0.1 mM TCEP. The reactions were incubated at 37 °C for 1 h. Results were 

resolved on a 0.6% agarose gel. 

The DNA binding of the untagged phiKo gp14 (gp14NCS1-203) protein was performed by mixing 

10 nM 30 bp Cy5-labelled dsDNA, with a series of protein dilutions, 1 mM ATPgS, 20 mM 

Magnesium acetate, 5 mM sodium citrate in the reaction in the buffer containing 10 mM Tris 

7.5, 166 mM NaCl, 0.2 mM DDM and 0.1 mM TCEP. The reaction was incubated at 50 °C 

for 0.5 h. Results were analysed on a 2.5% native polyacrylamide gel. 

The DNA binding of 3C-cleaved phiKo gp14 that contained the remaining G-P-A residues at 

the N-terminus (gp14NCH1-203) was performed by mixing 20 nM 30 bp Cy5-labelled dsDNA, 

and protein dilutions in the reaction buffer containing 10 mM Tris 8.0, 50 mM NaSO4, 5 mM 

MgSO4, 1 mM DDM and 1 mM DTT. Each reaction was incubated at 37 °C for 0.5 h. Results 

were separated on a 2.5% native polyacrylamide gel. 

The dsDNA conjugated with a 5’ Cy5 fluorophore (excitation/emission at maximum 

wavelength of 650/670 nm) was ordered from Eurofins Genomics Germany GmbH. The 

sequences of assayed dsDNA are given in Appendix 6. 10 µl of each sample was mixed with 

5% glycerol before loading on to the native gel. In this study, either 1 ́  TBE buffer containing 

89 mM Tris pH 7.6, 89 mm Boric acid and 2 mM EDTA or 1 ´ THE buffer containing 15 mM 

Tris pH 7.5, 50 mM HEPES pH 7.5, 6.7 mM magnesium acetate and 2.2 mM tri-sodium citrate 

was used as the running buffer. The 0.6% agarose gel was made by dissolving 0.6 g agarose 

in 100 ml 1 ´ gel running buffer. The 2.5% native polyacrylamide gel was made by mixing 
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2.5 ml 30% (100:1) acrylamide/Bis-acrylamide, 7.5 ml 1 ´ running buffer, 80 µl 10% APS 

and 10 µl TEMED. Agarose gel was run at 100 V in a cold room (4 °C) for 60 min, and native 

polyacrylamide gel was run at 100 V, for 2.5 h at room temperature or 4 °C. Gels were 

visualised at an excitation wavelength of 635/650 nm in a Typhoon™ 8610 scanner (York 

Bioscience Technology Facility). 

2.2.10 Phage isolation, purification and DNA packaging assay 

2.2.10.1 Growth of the Thermus thermophilus phage phiKo  

TB media was prepared for phiKo phage growth and purification. The TB media was made by 

dissolving 0.8% (w/v) Tryptone, 0.4%(w/v) NaCl, 0.2% (w/v) yeast extract, 0.5 mM MgCl2 

and 0.5 mM CaCl2 in Evianâ mineral water which contains essential mineral for growth. 

Several cell colonies of Thermus thermophilus HB 27 (HB27 cells in the following text) were 

picked and transferred to 5 ml freshly prepared TB media. The HB 27 cells were incubated 

with 180 rpm shaking overnight at 70 °C. The next day, 4 ml of the overnight culture of HB27 

cells were transferred to 400 ml freshly prepared TB media, a 1:100 ratio for scaling up the 

culture. The cell culture was incubated at 70 °C with shaking (200 rpm) until the OD600 

reached 0.2 - 0.3 as measured in a DU 720 UV/Visible Spectrophotometer (Beckman Coulter). 

Then, 100 µl of the phage stock (with titre at 108 pfu/ml) or 1 - 3 single plaques of phage phiKo 

was added to the 400 ml HB27 cell culture (at OD600 of ~ 0.25) as the starting point (0 h). 

The culture reached the highest OD600 around 3 hours post infection when cell lysis began to 

occur. About 5 h after injection of the phage, the cell culture was fully lysed. The OD600 of 

the phage culture was measured every hour during phage growth at 70 °C with 200 rpm shaking. 

The amount of phage in the fully lysed cell culture was estimated using the phage plaque assay. 

Phage plaque assay 

Phage plaque assays were used for determining the quantity of the harvested phage or phage 

stock. The solution of phage phiKo was diluted 103 - 109-fold using autoclaved TB media. A 

50 µl aliquot of HB27 cells overnight culture was added to 5 ml freshly prepared and pre-

warmed (at 70 °C) top TB media containing 0.8% agar, and then 100 µl of each phage dilution 

was added to each top TB agar media. Each sample was mixed thoroughly by vortex and 

poured onto a pre-warmed bottom TB agar plate (containing 2% agar). Once the top agar had 

solidified, the plates were incubated at 70 °C overnight. The next day, the phage plaques were 

counted, and the titre (in plaque forming units, pfu) were calculated according to the equation 

as follow: 

𝑝ℎ𝑎𝑔𝑒	𝑡𝑖𝑡𝑟𝑒	(𝑝𝑓𝑢/𝑚𝑙) 	= 	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝𝑙𝑎𝑞𝑢𝑒𝑠	𝑜𝑛	𝑎	𝑝𝑙𝑎𝑡𝑒	 × 	𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛𝑠
𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝑑𝑖𝑙𝑢𝑡𝑒𝑑	𝑝ℎ𝑎𝑔𝑒	𝑎𝑑𝑑𝑒𝑑	𝑡𝑜	𝑎	𝑝𝑙𝑎𝑡𝑒
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2.2.10.2 Phage isolation 

Once the cells fully lysed and the cell debris was removed by centrifugation at 8,000 rpm at 8 
°C for 20 min, the supernatant was collected and subjected to differential ultracentrifugation 

at 30,000 rpm at 8 °C for 1.5 - 2 h using the Ti45 rotor (Beckman Coulter). Pellets at the bottom 

containing phage were resuspended in a buffer of 50 mM sodium phosphate pH 7.2, 50 mM 

NaCl, 10 mM MgCl2 and 2 mM DDM by gentle agitation. The resuspended phage solution 

was placed at 4 °C for further purification. The amount of isolated phage was estimated by 

phage plaque assay or by SDS-PAGE. 

2.2.10.3 Phage purification 

The isolated phage phiKo sample was purified by density gradient ultracentrifugation followed 

by size exclusion chromatography, as described in this section. 

Density gradient ultracentrifugation 

The resuspended phage sample was first purified by rate zonal density gradient 

ultracentrifugation. In rate zonal centrifugation, particles are separated in terms of their distinct 

sedimentation velocities in the liquid gradient medium, reflected by their sedimentation 

coefficients:  

𝑣 = 	
2𝑟J^[𝜌J −	𝜌c]

9𝜂
𝐹 

where 𝜌J  is the particle density and 𝜌cis the liquid density, 𝜂 is the viscosity of the liquid 

medium, and 𝐹 = 	𝜔^𝑟 , 𝜔 is the rotor speed (s-1) and 𝑟J is the distance between the particle 

and the centre of rotation. The sample solution is layered on top of the density gradient medium. 

Under centrifugal force, the particles will begin to sediment through the gradient in distinct 

zones (178). 

A continuous density gradient of either 10 - 30% or 40% glycerol in buffer containing 50 mM 

sodium phosphate pH 7.2, 150 mM NaCl and 1 mM MgCl2 was prepared using the Gradient 

Master (BioComp). 1 - 2 ml of the isolated phage sample was loaded at the top of the pre-

cooled density gradient column. Rate zonal ultracentrifugation was performed at 24,000 rpm, 

10 °C for 2 h using the SW28 rotor (Beckman Coulter). The fractionated sample fractions 

(zones) were collected separately and the content determined by SDS-PAGE (corresponding 

to the capsid protein molecular weight) and the relevant samples reserved for additional 

purification by size exclusion chromatography. 

Size exclusion chromatography 
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The collected fractions containing phages from the density gradient ultracentrifugation were 

further purified by size exclusion chromatography. Up to 5 ml of the phage solution was loaded 

on to a HiPrep Sephacryl S-500 HR column (GE Healthcare) pre-equilibrated with buffer 

containing 50 mM sodium phosphate pH 7.2, 150 mM NaCl and 1 mM MgCl2. Eluted fractions 

were resolved by SDS-PAGE, the fractions containing the approximately correct size 

(corresponding to the phiKo capsid protein) were further analysed by negative stain 

transmission electron microscopy (TEM). The purified phage sample was concentrated by 

differential ultracentrifugation using Vivaspin® centrifugal concentrators (MWCO 100 kDa, 

Sartorius) or by adsorption against solid PEG 35,000. Aliquots of the concentrated sample 

were used immediately for DNA packaging assays or supplemented with 15% (v/v) glycerol 

and stored at - 80 °C after flash freezing in liquid nitrogen.  

2.2.10.4 Negative stain electron microscopy    

Surface cleaning of carbon coated copper grids (Agar Scientificä) was performed by glow 

discharging for 20 s in a plasma cleaner (Harrick Plasma). 5 µl of phage solution was deposited 

onto the prepared grids and incubated for 5 min. The grids were washed with ultrapure water 

3 times and stained using 5 µl of 5% (w/v) uranyl acetate. The stained grids were dried at room 

temperature and imaged on a Tecnai™ 12 Transmission Electron Microscope (York Bioscience 

Technology Facility). 

2.2.10.5 Isolation of phage genomic DNA  

The phage isolation was performed in the same way as described in section 2.2.10.2. The 

pellets containing phage were collected and resuspended in the buffer of 20 mM potassium 

phosphate pH 7.2, 10 mM MgCl2 and 0.2 mM DDM. 2 µg/ml DNAase I (Sigma) was added 

to the resuspended phage solution, and the mixture was incubated at 37°C for 1 h to remove 

contaminating host DNA. Then, 50 mM EDTA was added to the sample mixture and the 

reaction was incubated at 75 °C for 10 min to inactivate the DNAase I. The reaction mixture 

was then incubated at 37 °C for 60 min with 0.2 vol. of 10% SDS added to disrupt phage 

capsids. The genomic DNA was extracted with 1 vol. of phenol/chloroform/isoamyl alcohol 

(pH 8.0) solution four times (spinning at 13,300 rpm for 10 min each time). Finally, the 

isolated phage genomic DNA was precipitated from the aqueous phase by the addition of 0.1 

vol. of 3 M sodium acetate and 2 vol. of 100% ethanol pre-cooled on ice. The pelleted DNA 

was resuspended in TE buffer (10 mM Tris pH 7.5 and 0.1 mM EDTA, 4 mM NaCl and 5% 

glycerol) and stored in aliquots at 4°C or - 20 °C for future use. The 2-Log DNA ladder (New 

England Biolabs, Inc.) comprising fragments ranging from 100 bp to 10 kb was used for the 

gel running. The isolated genomic DNA sample was verified by electrophoresis using a 0.8% 
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agarose gel, and the gel was stained by SYBRä safe dye and imaged by GelDoc system (Bio-

Rad).  

2.2.10.6 DNA packaging assay 

The composition of the DNA packaging assay is given in Table 2-8. The assays were 

performed in 20 µl reaction volumes containing 3% PEG 8,000, 10 mM Mg Cl2, 10 - 100 mM 

NaCl, 20 mM Bis-Tris pH 7.0 or Tris pH 7.2, 0.1 mM TCEP and 2 mM ATP. The purified 

empty capsids of phage phiKo (in section 2.2.10.3) were dialysed against buffer containing 20 

mM Bis-Tris pH 7.0 or Tris pH 7.2 and 50 mM NaCl prior to the assay. After adding all the 

reaction components without ATP, the reaction was first incubated at room temperature for 5 

min, before being initiated by adding 2 mM ATP and further incubated at room temperature, 

37 °C, 50 °C or 70 °C for 20 min. Subsequently, 1 µg/ml DNAase I (Sigma) was added to the 

reaction, and then incubated at room temperature or 37 °C for 20 - 30 min to remove 

unpackaged DNA. The reaction was terminated by adding 25 mM EDTA and incubation at 70 
°C for 15 min to inactive the DNAase I. The protein shell was removed by addition of 5 mM 

CaCl2 and 0.5 mg/ml proteinase K (Promega) to the reaction and further incubation at 42 °C 

or 50 °C for 30 - 60 min. Finally, 1 µl of 100 mM AEBSF was added to the reaction mixture 

to inactive the protease K before the reactions were resolved by electrophoresis using 0.6% 

agarose gel visualised with SYBRä Gold gel stain and imaged by GelDoc system (Bio-Rad). 

  

Table 2-8 Composition of DNA packaging assay for phiKo gp14. 

Components 1 2 3 4 5 6 7 8 

gDNA (ng/µl) 4 0 0 4 4 4 4 4 

capsids (A280 = 0.128) (µl) 0 2.5 5 2.5 5 2.5 5 0 

phiKo gp14 (µM) 0 0 0 0 0 0.5 0.5 0.5 

The purified N-terminal 6 ´ His tag fusion phiKo gp14 (gp14NNH1-203) was used in these 

reactions. 

 

2.3 Results 

2.3.1 The phiKo gp14 protein possesses low solubility 

The recombinant protein constructs were analysed for expression in a variety of E. coli 

expression strains, and the protein gp14 was expressed best in Rosetta™ (DE3) pLysS cells 

compared to others (data not shown). Solubility tests determined that the construct with the 



 68 

N-terminal non-cleavable 6 ´ His tagged phiKo gp14 fusion (gp14NNH1-203) expressed in 

Rosetta™ (DE3) pLysS cells exhibited poor solubility in a series of buffers (Figure 2-3). 

Likewise, the rest of the constructs of phiKo gp14 displayed a small but promising amount of 

soluble material (data not shown). The 6 ´ His tagged gp14 protein (gp14NNH1-203) comprises 

213 amino acids and has a molecular weight of 24.8 kDa, as calculated by ExPASy ProtParam 

(179). The solubility test was performed in 16 buffers (Appendix 2). The crude cell extracts 

from 1 ml overnight induced culture were sonicated in each buffer and were resolved by SDS-

PAGE (Figure 2-3). No significant differences were observed among the tested 16 buffers, 

and a considerable amount of the protein appeared in the insoluble fractions (Figure 2-3). 

Buffers 1 and 16 were chosen for further purification of the 6 ´ His tagged phiKo gp14 

(gp14NNH1-203), due to the slightly better yield of soluble materials obtained in these buffers. 

 

Figure 2-3 Solubility test for the 6 ´ His tagged phiKo gp14 (gp14NNH1-203). 

‘M’ is the standard protein marker, ‘T’ indicates total cell lysate containing both soluble 

and insoluble protein, and S indicates the soluble protein fraction. Numbers 1-16 designate 

the 1-16 buffers with compositions are given in Appendix 3. Lanes containing samples in 

buffer 1 and 16 are highlighted with triangles on the figure.  
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2.3.2 Protein purification  

2.3.2.1 PhiKo gp14 fusions with cleavable tags 

 

Figure 2-4 Sequence alignment of several FtsK/HerA family ATPases. 

Tectiviridae family phage DNA packaging ATPases phiKo gp14, Toil gp12 (180) and 

PRD1 P9 (181); Turriviridae phage Sulfolobus turreted icosahedral virus 2 (STIV2) B204 

(182); Vaccinia virus A32 (183) and Escherichia coli FtsK (72) were used for sequence 

alignment. The sequence alignment was performed with Clustal Omega (184), and the 

figure was produced in ESPript (185). Residues K22, D100 and R124 are highlighted with 

black arrows on the figure. 

 

Five constructs of phiKo gp14 were fused to N-terminal cleavable tags, i.e. SUMO tag and 6 

´ His tag (protein details are given in Table 2-6). The gp14NCS1-203 and gp14NCH1-203  are wild 

type proteins, and gp14NCS1-203_K22A, gp14NCS1-203_D100A and gp14NCS1-203_R124A are 

mutants, respectively. As seen from sequence alignment (Figure 2-4), the conserved K22 

residue is part of the Walker A motif, the conserved D100 is part of the Walker B motif, and 

R124 is predicted as the ‘arginine finger’ (68, 72). 
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Figure 2-5 Nickel affinity and size exclusion chromatography of gp14NCS1-203. 

a. Purification of gp14NCS1-203 by nickel affinity chromatography; b. Purification of SUMO 

protease digested gp14NCS1-203 by nickel affinity chromatography; c. Purification of 

gp14NCS1-203 by size exclusion chromatography. The eluted peak fractions are highlighted 

on the chromatograms on the left, and the SDS-PAGE results are shown on the right. ‘M’ 

indicates a lane containing protein size marker and ‘FT’ indicates the flow through 

fractions. ‘Load’ is the loaded sample. The blue lines are the sample absorbance at 280 nm 

(A280), and the purple lines are the absorbance at 254 nm (A254). The green lines in 

panels a and b indicate the percentage of the elution buffer containing 500 mM imidazole. 

 

The size of each SUMO tagged phiKo gp14 fusion (gp14NCS1-203, gp14NCS1-203_K22A, gp14NCS1-

203_D100A and gp14NCS1-203_R124A, Table 2-6) is ~ 36.9 kDa (protein sequences are given in 

Appendix 7). The target protein was purified by Ni-affinity chromatography and was eluted 

by 30 - 40% imidazole (500 mM) in the binding buffer (Figure 2-5a) that was collected for 

SUMO protease digestion. The digested product was further purified using a nickel affinity 
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column, where the target protein was eluted in the flow through fractions (FT) (Figure 2-5b). 

Due to the poor solubility, the protein was concentrated against a solution of PEG 35,000, a 

gentle concentrating method, at room temperature, overnight. Following this, the target protein 

was centrifuged to remove aggregated protein and further purified using a size exclusion 

column, due to the low purity of the samples collected from the second round of nickel affinity 

chromatography (Figure 2-5b). Two major peaks eluted from the size exclusion column. 

Protein contaminants were eluted in the first peak fractions, while the second peak fractions 

contain protein of approximately the correct size (Figure 2-5c). The additional band (at ~ 17 

kDa) was possibly the digested SUMO tag protein. The purified tag-cleaved phiKo gp14 

protein (with a molecular size of 23.6 kDa) eluted as a monomer from the size exclusion 

column (Figure 2-5c). Fractions from the second peak, which eluted at a volume of 90 - 115 

ml and contained protein corresponding to a molecular mass of ~ 20 kDa, were pooled together. 

Notably, the SUMO tagged phiKo gp14 fusion proteins were quite soluble. However, after 

cleaving the SUMO tag, the protein became much less soluble, and could only be concentrated 

to ~ 50 µM in the SEC buffer (buffer details are given in Appendix 3). 

 

Figure 2-6 Purification procedure for gp14NCH1-203. 
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a. Purification of gp14NCH1-203 by nickel affinity chromatography; b. Purification of the 3C 

protease digested gp14NCH1-203 by nickel affinity chromatography; c. Purification of 

gp14NCH1-203 by size exclusion chromatography. The eluted peaks are highlighted on the 

chromatograms on the left, and the SDS-PAGE results are displayed on the right. ‘M’ 

indicates the protein size marker. ‘Load’ is the loaded sample. ‘FT’ indicates the flow 

through. The blue lines on chromatograms are the absorbance at 280 nm (A280). 

 

The results of the nickel affinity chromatography of phiKo gp14 (with cleavable 6 ´ His tag, 

gp14NCH1-203) show that the major peak fractions contain a reasonable amount of target protein. 

This peak was eluted by 30 - 50% imidazole (500 mM) in the same binding buffer (Figure 2-

6a). The fractions containing the target protein were pooled and digested by 3C protease 

overnight at room temperature to cleave the N-terminal 6 ´ His tag. A considerable amount of 

target protein precipitated during digestion, likely due to the N-terminal 6 ´ His tag improving 

the protein solubility. The digested product was centrifuged at 15,000 rpm, 4 °C for 15 min to 

remove insoluble materials and the soluble fraction in the supernatant was collected and 

further purified by nickel affinity chromatography (Figure 2-6b) followed by size exclusion 

chromatography (Figure 2-6c). The target protein eluted in the peak fractions, as verified by 

SDS-PAGE (Figure 2-6c, right). 
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Figure 2-7 Nickel affinity chromatography and gel filtration for gp14NCS1-203_K22A. 

a. Purification of gp14NCS1-203_K22A by nickel affinity chromatography; b. Purification of 

SUMO protease digested gp14NCS1-203_K22A by nickel affinity chromatography; c. 

Purification of gp14NCS1-203_K22A by size exclusion chromatography. The chromatograms 

are on the left, and SDS-PAGE results are shown on the right. ‘M’ indicates the protein 

size marker. ‘FT’ indicates the flow through. On the chromatograms, the blue lines are the 

absorbance at 280 nm, the purple lines are the absorbance at 254 nm, and the green lines 

indicate the percentage of the buffer containing 500 mM imidazole. 

 

Results from nickel affinity chromatography of SUMO tagged gp14NCS1-203_K22A mutant 

showed that the major peak fractions contained a considerable amount of protein with the 

approximately correct size (Figure 2-7a). This peak was eluted by 30 - 50% imidazole (500 

mM) in the same binding buffer (Figure 2-7a), similar to gp14NCS1-203 (Figure 2-5a). To remove 

the N-terminal SUMO tag, the fractions containing target protein were collected and digested 
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by SUMO protease overnight at room temperature. Like for the gp14NCS1-203 construct, the 

presence of the SUMO tag improved the solubility of the gp14NCS1-203_K22A protein, and 

extensive precipitation of the target protein (cleaved tag) was observed during digestion, with 

only a limited amount of soluble material being harvested. The digested protein was subjected 

to centrifuging at 15,000 rpm, 4 °C for 15 min, and the soluble material was collected and 

further purified by nickel affinity chromatography (Figure 2-7b) followed by size exclusion 

chromatography (Figure 2-7c). The target protein eluted in the second peak on the size 

exclusion chromatogram (Figure 2-7c, left), as verified by SDS-PAGE (Figure 2-7c, right). 

The phiKo gp14NCS1-203_K22A mutant is more insoluble than the wild type gp14 protein. 

 

 

Figure 2-8 Nickel affinity chromatography and gel filtration for gp14NCS1-203_R124A. 
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a. Purification of gp14NCS1-203_R124A by nickel affinity chromatography; b. Purification 

of SUMO protease digested gp14NCS1-203_R124A by nickel affinity chromatography; c. 

Purification of gp14NCS1-203_R124A by size exclusion chromatography. The eluted peaks 

are indicated on the chromatograms (left), and the SDS-PAGE results are displayed on the 

right. ‘M’ indicates protein size marker and the size standards are highlighted at the left-

hand side of the gels. ‘FT’ indicate the fractions containing the sample pooled from the 

flow through. The blue lines are the absorbance of the sample at 280 nm, the purple lines 

indicate absorbance of the sample at 254 nm, and the green lines indicate the percentage 

of buffer containing 500 mM imidazole on the chromatograms. 

 

The SUMO tagged gp14NCS1-203_R124A mutant was purified in a procedure similar to the other 

SUMO tagged gp14NCS1-203 and gp14NCS1-203_K22A proteins (Figure 2-5, 2-7 and 2-8). The 

solubility of this mutant protein after tag cleavage was similar to the SUMO cleaved wild type 

gp14 (gp14NCS1-203). 

2.3.2.2 PhiKo gp14 fusions with non-cleavable tags 

Six constructs of phiKo gp14 were fused to N-terminal or C-terminal non-cleavable 6 ´ His 

tags for investigation of gp14 (Table 2-8). The purification of each protein construct is 

described in this section. 

Two peaks were observed in the elution profile of nickel affinity chromatography for phiKo 

gp14NNH1-203, where the second peak contained the target protein (Figure 2-9a). Fractions of 

the second peak (2nd peak) containing the target protein were eluted by 30 – 40% of buffer 

containing 500 mM imidazole and pooled together. So far, the N-terminal non-cleavable 6 ´ 

His tagged phiKo gp14NNH1-203 appeared to be the most soluble one among all the constructs 

of gp14 produced. 

To obtain high purity protein and investigate the oligomeric state of phiKo gp14, the soluble 

portion of the pooled fractions were further purified by size exclusion chromatography (Figure 

2-9b). The first peak contained mostly contaminants, while the target protein was present in 

the fractions of the second peak. As seen in Figure 2-9b, the second peak eluted at 100 - 110 

ml volume from the Superdex 200 16/60 column (GE Healthcare), which corresponds to the 

approximate ~20 kDa. The molecular weight of the target protein of gp14NNH1-203 is 24.8 kDa 

as calculated by ExPASy ProtParam (179), indicating that the eluted protein is probably 

monomeric. Pure fractions in the second peak were pooled and concentrated to the maximum 

soluble concentration limit of 2.5 mg/ml, due to a large amount of the gp14NNH1-203 

precipitating during the concentrating process. Part of the freshly concentrated protein sample 
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was used for crystallisation, and the rest was stored at - 80 °C after flash freezing in liquid 

nitrogen.  

 

 

Figure 2-9 Nickel affinity and size exclusion chromatography of  gp14NNH1-203. 

a. Purification of gp14NNH1-203 by nickel affinity chromatography. The green line indicates 

the percentage of the buffer containing imidazole (500 mM), and the brown line in panel 

b is the conductivity of the buffer; b. Purification of gp14NNH1-203 by size exclusion 

chromatography. The eluted peaks are indicated on the chromatograms on the left, and 

SDS-PAGE results are displayed on the right. On the chromatograms, the blue lines show 

absorbance at 280 nm, and the red lines indicate absorbance at 254 nm. The ‘peak fractions’ 

labelled on gels indicate the lanes containing sample fractions eluted from the 1st and 2nd 

peaks corresponding to the chromatograms. ‘M’ indicates protein size marker and size 

standards are highlighted on the gel panels.  
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Figure 2-10 Nickel affinity chromatography of gp14NNH7-203. 

a. The gp14NNH7-203 fusion protein was purified by nickel affinity chromatography. The 

peak and pure fractions containing target protein (gp14NNH7-203) are indicated on the 

chromatogram. The blue lines are absorbance at 280 nm, the red lines show absorbance at 

254 nm, and the green line indicates the percentage of the buffer containing 500 mM 

imidazole. b. Elution fractions were resolved by SDS-PAGE. The ‘peak fractions’ and 

‘pure fractions’ indicate the lanes containing sample fractions eluted from the peak and 

pure fraction region corresponding to the chromatogram (panel a). ‘M’ indicates protein 

size marker. ‘Load’ indicates the sample loaded. 

  

 

Figure 2-11 Nickel affinity chromatography of gp14CNH7-203. 

a. The gp14CNH7-203 fusion protein was purified by nickel affinity chromatography. The 

blue lines are the absorbance of the sample at 280 nm, the red lines are the absorbance of 

the sample at 254 nm, and the green line in a indicates the percentage of the elution buffer 

containing 500 mM imidazole. b. Eluted fractions were resolved by SDS-PAGE. ‘M’ 

indicates a lane containing protein size marker, ‘FT’ indicates the flow through. The ‘peak 

fractions’ and ‘pure fractions’ indicate the lanes containing sample fractions eluted from 

the peak and pure fractions in panel a. 
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According to the disorder prediction by PrDOS (186) (Appendix 4), the N-terminal six 

residues (MDWRRI) are likely to be disordered. Thus, two truncated constructs, gp14NNH7-203 

and gp14CNH7-203 (Figure 2-10 and 2-11), both comprising 196 residues (residue 7-203) of gp14, 

were cloned and expressed in E. coli cells in an attempt to improve crystallisation. The 

gp14NNH7-203 construct is phiKo gp147-203 with an N-terminal non-cleavable 6 ´ His tag, and 

the gp14CNH7-203construct is phiKo gp147-203 fusion with a C-terminal non-cleavable 6 ´ His 

tag. The theoretical pI of gp14NNH7-203 is 8.61, and its molecular weight is 23.9 kDa, while the 

theoretical pI of gp14CNH7-203 is 8.05 and its molecular weight is 23.8 kDa. The soluble 

materials from crude cell extracts of gp14NNH7-203 and gp14CNH7-203 were purified using nickel 

affinity chromatography. However, only a tiny amount of the target gp14NNH7-203 or gp14CNH7-

203 protein was harvested (Figure 2-10 and 2-11), this was particularly evident for gp14NNH7-203 

or gp14CNH7-203 during the concentration step, resulting in a small yield of purified protein. 

Optimising buffer pH and increasing salt concentration did not improve the solubility of these 

two proteins (data not shown). 

2.3.2.3 Engineering homodimers of the phiKo gp14 

Since gp14 is a putative FtsK-like ATPase, based on sequence alignment (Figure 2-4) and 

structure observations (in section 2.3.4), it is expected to function in an oligomeric form, like 

other FtsK/HerA family ATPases, as discussed in sections 1.3.2 and 1.3.3 above. Recombinant 

proteins of phiKo gp14 of all truncated or full-length constructs made in this study were 

purified as monomeric species (Figure 2-5 - 2-11). Since the protein is expected to function as 

an oligomer, construction of an obligate oligomeric species was attempted by fusing two 

monomers to form a homo-dimeric polyprotein, to attempt to facilitate the formation of higher-

order oligomeric species. Thus, a protein engineering approach was attempted to connect two 

subunits of phiKo gp14 into a single polypeptide chain with a glycine-rich flexible linker 

(short connecting polypeptide) as shown in Table 2-9. However, it was proven that all of the 

three constructs were too insoluble and hence impossible to purify in reasonable quantities 

(Figure 2-12 - 2-14). A possible reason for this is protein misfolding and subsequent 

precipitation. Co-expression of chaperone proteins using Chaperone Plasmid Set (Takara) was 

adopted in an attempt to facilitate protein folding. However, it did not improve the solubility 

and yield of these engineered fusion proteins (gp14NNHL7, gp14NNHL13 and gp14NNHL10). Further 

investigation using different linker peptides might be helpful in improving the folding and 

solubility. 

 

Table 2-9 Constructs of engineered dimers of phiKo gp14. 
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Fusion 
protein 

Recombinant 
plasmid Constructs MW 

(kDa) 
Theoretical 

pI 

gp14NNHL7 pYM537 
MGSSHHHHHH-gp14(M1-E203)-
GGGSEGG-gp14 
 

48.9 8.94 

gp14NNHL13 pYM546 MGSSHHHHHH-gp14(M1-E203)-
GGGSEGSEGGSEG-gp14 49.4 8.61 

gp14NNHL10 pYM569 MGSSHHHHHH-gp14(M1-E203)-
GGGSEGGGSE-gp14 49.2 8.80 

 

 

Figure 2-12 Nickel affinity chromatography for gp14NNHL7. 

a. The gp14NNHL7 fusion protein was purified by nickel affinity chromatography. b. Elution 

fractions were resolved by SDS-PAGE. ‘M’ indicates a lane containing protein size marker. 

‘Load’ indicates the sample loaded. ‘FT’ indicates the lanes containing fractions from flow 

through. The ‘1st and 2nd peak fractions’ in panel b indicate the fractions that were collected 

from the peaks corresponding to the 1st and 2nd peaks (blue line, wavelength of 280 nm) 

on the chromatogram. 

 

 

Figure 2-13 Nickel affinity chromatography for gp14NNHL13. 
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a. The gp14NNHL13 fusion protein was purified by nickel affinity chromatography. The blue 

line on the chromatogram indicates the eluted sample absorbance at 280 nm, and the red 

curve indicates eluted sample absorbance at 254 nm. The green line indicates the 

percentage of 500 mM imidazole in the buffer. The 1st and 2nd peaks of the sample 

absorbance at 280 nm (blue line) are indicated; b. Eluted fractions were resolved by SDS-

PAGE. ‘M’ indicates a lane containing protein size marker, ‘FT’ indicates the fractions 

collected from flow through. The 1st and 2nd peak fractions in panel b are the fractions 

collected under the peaks corresponding to the 1st and 2nd peaks in panel a.  

 

Figure 2-14 Nickel affinity and size exclusion chromatography for gp14NNHL10. 

a. The gp14NNHL13 fusion protein was purified by nickel affinity chromatography, and the 

elution chromatogram is shown in the left panel. Eluted fractions were resolved by SDS-

PAGE (right panel). b. The gp14NNHL13 fusion protein was purified by size exclusion 

chromatography, and the chromatogram is in the left panel. Eluted fractions were analysed 

by SDS-PAGE (right panel). On the chromatograms, the lines of absorbance at 280 nm 

are in blue, and the lines of the absorbance at 254 nm are in red. The green line in panel a 

indicates the percentage of the elution buffer containing 500 mM imidazole. ‘M’ indicates 

a lane containing protein size marker, and ‘FT’ indicates the fractions of flow through. 

‘Load’ indicates the loaded sample of gp14NNHL13 for purification. 
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Figure 2-15 Purification procedure for gp14NCG1-203. 

a. Purification of gp14NCG1-203 by nickel affinity chromatography; b. Purification of 

gp14NCG1-203 by size exclusion chromatography; c. Purification of gp14NCG1-203 by ion-

exchange chromatography. On the chromatograms (left), the blue lines are the absorbance 

of the eluted sample at 280 nm, the purple lines are the absorbance of the eluted sample at 

254 nm, and the green lines in panels a and c indicate the percentage of elution buffers 

containing imidazole and NaCl, respectively. The peak fractions are the fractions pooled 

from the peaks on the chromatograms (left). ‘M’ indicates protein molecular weight 

marker and ‘FT’ indicates the flow through fractions, and ‘unbound fractions’ indicate the 

fractions eluted by buffer containing zero or low (30 - 40 mM) imidazole concentration.  

 

Since the low solubility of gp14 protein limits the sensitivity of biochemical characterisations, 

and the N-terminal SUMO tag improved the solubility of gp14 fusion protein, an N-terminal 
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GFP tagged construct (gp14NCG1-203, fusion protein sequence is given in Appendix 7) was 

cloned and expressed. However, the recombinant fusion protein, gp14NCG1-203 was insoluble, 

similar to the other phiKo gp14 constructs made in this study. The soluble fractions of 

gp14NCG1-203 were purified by nickel affinity chromatography, followed by size exclusion 

chromatography (Figure 2-15a and 2-15b). The fractions from the two peaks observed in the 

chromatogram (Figure 2-15b) were both composed of bands with the same size (Figure 2-15b). 

The first peak is likely an oligomeric state of gp14NCG1-203, though it is not known whether the 

GFP tag or gp14 protein promotes this oligomerisation, due to the poor solubility and yield 

limiting further investigations. Since two bands were observed on the SDS-PAGE gel, to 

obtain a protein with high purity and homogeneity, ion exchange chromatography was applied 

to further purify the gp14NCG1-203 protein. However, ion exchange chromatography failed to 

isolate a single species in the eluted fractions (Figure 2-15c). The protein contaminants likely 

came from the expression cells and remained bound to the target protein. 

2.3.3 Crystallisation of phiKo gp14 

 

Figure 2-16 Crystals of phiKo gp14 protein complexes. 

Crystals of phiKo gp14 complexes with phosphate (a), AMPPNP (b), AMPPCP (c), and 

ADP (d). Largest crystals in (a) had the size up to 0.1 ´ 0.06 ´ 0.03 mm3. 

 

As the gp14 fusion with an N-terminal non-cleavable 6 ´ His tag (gp14NNH1-203) had superior 

solubility (maximum protein concentration of 2.2 - 2.5 mg/ml) compared to the untagged 
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protein (see section 2.3.2), it was used for crystallisation screens. Crystals were obtained in 

sitting drops with reservoir liquid containing 0.1 M citric acid pH 4.0 - 5.0, with slightly larger 

crystals grown at higher concentrations (9% -16% v/v) of 2-Methyl-2,4-pentanediol (MPD), 

see details in section 2.2.5. The complexes, gp14-ADP, gp14-AMPPNP and gp14-AMPPCP, 

were formed by adding 20 mM MgCl2 and 10 mM ADP or AMPPNP or AMPPCP in the 

protein samples, and the sample mixtures were incubated for 20 - 30 min at room temperature 

prior to crystallisation. Crystals with a maximum length of 50 - 60 µm and a tetrahedral shape 

appeared within 2 days (Figure 2-16). Promising crystals were frozen and stored in liquid 

nitrogen for further X-ray data collection.  

2.3.4 Structure determination 

X-ray structures of the gp14 ATPase in complex with phosphate, ADP, AMP-PNP and 

AMPPCP were determined at resolutions ranging between 1.8 and 2.2Å (Table 2-10). All 

crystals belong to the space group P43212 (tetragonal unit cell). In crystallography, space group 

represents a description of the symmetry of a crystal, and the unit cell is the smallest crystal 

volume that contains a collection of asymmetric units (molecules) that are related by 

crystallographic symmetry (187). The crystals have relatively high solvent content (67%) 

estimated by Matthew’s coefficient calculations (188, 189), corresponding to one molecule in 

an asymmetric unit.  

 

Table 2-10 Crystallographic and refinement statistics. 

 gp14-phosphate gp14-ADP gp14-AMPPNP gp14-AMPPCP 

Data collection  

Wavelength (Å) 0.97922 0.97922 0.97957 0.97957 

Space group P43 21 2 P43 21 2 P43 21 2 P43 21 2 

Cell dimension     

a, b, c, Å 73.2, 73.2, 130.3 72.7, 72.7, 132.3 72.7, 72.7, 131.8 72.5, 72.5, 132.4 

Resolution, Å 63.80 - 2.20 63.8 - 1.87 63.8 - 1.86 48.90 - 1.80 

Rmeas a 0.083 (1.853) 0.172 (1.287) 0.102 (1.759) 0.091 (2.035) 

I/σI b 13.5 (0.7) 8.5 (1.1) 14.1 (1.1) 14.6 (1.1) 

Completeness 
(%) c 98.7 (92.0) 99.9 (99.0) 99.8 (99.1) 99.8 (99.0) 

CC (1/2) 0.999 (0.414) 0.381 0.999 (0.506) 0.998 (0.531) 
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Multiplicity 6.8 (5.0) 12.0 (6.6) 12.6 (13.0) 12.8 (13.1) 

Refinement     

Resolution, Å 48.70 – 2.20 48.99 – 1.90 48.86 – 1.88 48.94 – 1.80 

No. reflections 17491 27402 28069 31848 

Rwork/Rfree 0.198 / 0.237 0.172 / 0.215 0.179 – 0.211 0.173 / 0.205 

No. atoms     

Protein 1654 1680 1668 1663 

Ligand/ion 10 39 34 34 

Water 93 189 140 203 

Mean B factor d     

Protein 54.2 40.7 45.8 42.7 

Ligand/ion 58.2 45.4 53.9 72.8 

Water 53.9 51.6 55.4 55.3 

RMSD     

Bond lengths, Å 0.011 0.011 0.010 0.010 

Bond angles, ° 1.7 1.7 1.9 1.6 

a. Rmeas: 	∑ 𝑛/01 ∑ |𝐼C(ℎ𝑘𝑙) −	〈𝐼(ℎ𝑘𝑙)〉|C ∑ (𝑛 − 1)∑ 𝐼C(ℎ𝑘𝑙)C/01⁄ , where 𝑛 is a number of 

the symmetry equivalent contributors to the average; b. I/σI: Signal to noise ratio for 

merged intensities; c. Completeness for unique reflections; d. Mean B factor for atoms of 

protein, ligand/ion and water, respectively. Values for the highest resolution shell are given 

in brackets. 

 

R factor is a measure of agreement between the amplitudes of the structure factors calculated 

from a crystallographic model and those from the original X-ray diffraction data, indicating 

the quality of the atomic model obtained from the crystallographic data. The R factor is 

calculated during each cycle of least-squares structure refinement to assess progress (122). 

Before refinement begins, about 10% of the experimental observations are removed from the 

data set. Then, refinement of the model is performed using the remaining 90% of the data, and 

the Rwork is calculated from these reflections. The Rfree value is calculated by seeing how well 

the model predicts the 10% of reflections that were not used in refinement (190). The final 

values of Rwork/Rfree for refined phiKo gp14 structures are 0.198/0.237, 0.172/0.215, 

0.179/0.211 and 0.173/0.205 (Table 2-10), showing good correspondence between the 

calculated and observed structure factors.  
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PhiKo gp14 in complex with phosphate was crystallised under similar conditions to complexes 

with other non-hydrolysable ATP analogues. The bound phosphate is likely to be a 

contaminant coming from the purification and crystallisation procedure. Though 5 μM of a 

12-mer dsDNA (the sequence is shown in Appendix 6) was added to the protein sample for 

crystallisation, no DNA density was observed in electron density map (Table 2-10). 

 

Figure 2-17 Comparison of phiKo gp14 and FtsK structures. 

a. The overall structure of phiKo gp14. The core RecA-like fold is in yellow. WA stands 

for Walker A and is highlighted in an orange dashed circle; WB indicates Walker B and is 

highlighted in a magenta dashed circle. R-F indicates the ‘arginine finger’, i.e. R124 in 

phiKo gp14. b. Topology diagram of phiKo gp14. Strands are shown as arrows with the 

arrowhead at the C-terminus, helices are shown as cylinders. a-helices are in blue. b-

strands conserved across the ASCE group are numbered (according to the ASCE core fold 

or RecA-like core fold) and in yellow, with the rest of the b-strands shown in grey. The 

non-conserved region across the FtsK/HerA family is in grey. c-d. Overall structures of 

phiKo gp14 (c) and FtsK (d) in the same view. E. Overlay of phiKo gp14 and FtsK. FtsK 

[PDB code 2UIS, (72)]. 
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The full length phiKo gp14 protein comprises 203 residues with a molecular mass of 23.6 kDa 

and possesses a conserved FtsK/HerA-like fold (6) with a nine b-strands sandwiched between 

a-helices (Figure 2-17a and 2-17b). In addition, it has an anti-parallel b-strand found at the C-

terminus of gp14 (Figure 2-17a and 2-17b), as expected for the FtsK/HerA family ATPases 

(Figure 2-17c - 2-17e)(6). The four structures of phiKo gp14 complexes are well 

superimposable, with the root mean square deviations (RMSD), calculated for the main-chain 

atoms, of 0.31Å (gp14-phosphate and gp14-AMPPCP), 0.33 Å (gp14-phosphate and gp14-

AMPPNP), 0.25 Å (gp14-ADP and gp14-AMPPNP), 0.14 Å (gp14-AMPPCP and gp14-

AMPPNP) and 0.43Å (gp14-phosphate and gp14-ADP), indicating that ATP binding induces 

subtle changes of the overall structural conformation. These subtle conformational changes 

induced by nucleotide binding is probably either due to the nucleotide bound complexes of 

gp14 not being in the functional conformation or the crystal lattice restraints or both. The N- 

and C- termini of the phiKo gp14 are located close to each other (Figure 2-17a). Moreover, 

the N- and C-termini locates close to the ATP binding pocket (Figure 2-17a), indicating that 

both N- and C-termini play a role for ATP hydrolysis or protein oligomerisation. The residue, 

E203, at the C- terminal end is not visible in the gp14 crystal structures. The N-terminal non-

cleavable 6 ´ His tag is highly disordered in the gp14 structures. However, the residues at the 

N-terminus of gp14 are visible in the crystal structure of phiKo gp14, despite the prediction 

suggesting that the six N-terminal residues would be disordered (Appendix 4).  

The conserved ASCE core (or RecA-like core) fold is shown in Figure 2-17a and 2-17b. The 

structure-based sequence alignment shows the conserved Walker A and Walker B motifs (68) 

as well as the ‘arginine finger’ are present in phiKo gp14 (Figure 2-17a and 2-17b), suggesting 

gp14 is an FtsK-like ATPase as expected. The Walker A motif is located between the 1st 

structurally conserved b-strand and the 1st a-helix, and the Walker B motif lies in between the 

structurally conserved 5th b-strand and 3rd a-helix (Figure 2-17a and 2-17b). The region 

between the 6th and 7th b-strands is conserved across FtsK/HerA superfamily ATPases from 

viruses, including bacteriophage PRD1. It has been named as P9-specific motif (Figure 2-18), 

although the exact function of this region is not yet known (6, 41, 85). 
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Figure 2-18 Structure based sequence alignment of phiKo gp14. 

Protein sequences used for the alignment includes phiKo gp14; Toil gp12 (180); PRD1 P9 

(181); Turriviridae phage Sulfolobus turreted icosahedral virus 2 (STIV2) B204 (182); 

Vaccinia virus A32 (183); and Escherichia coli FtsK (72). The sequence alignment was 

performed by Clustal Omega (184), and the figure was made using ESPript (185). Walker 

A and B motifs are indicated on the figure, and RF indicates the ‘arginine finger’. 

 

2.3.5 Electrostatic surface potential analysis 

 

Figure 2-19 Electrostatic surface potential of phiKo gp14. 

a. Front views of phiKo gp14; b. Back views of phiKo gp14. The solvent excluded surface 

of phiKo gp14 protein was calculated in Chimera (174). Models with ligands and water 

molecules removed were used for calculating the electrostatic surface potential. The 

chemical groups in the structure of gp14 were assigned charges by PDB2PQR (191) using 

the SWANSON force field (192). Electrostatics potential surfaces of phiKo gp14 

structures (red, negative to blue, positive, ± 10 kT/e) were calculated by APBS (193) in 

Chimera (174). 

  

The oligomeric state of a functional assembly of phiKo gp14 is unknown. Several fusion 

constructs of gp14 did not form oligomers in solution (see details in section 2.3.2). In order to 

investigate the possibility of oligomerisation of phiKo gp14, the electrostatic surface potential 

of the fully refined structures of complexes of phiKo gp14 with phosphate was calculated and 

analysed (Figure 2-19). The conserved Walker A and B motifs form a mostly positively 

charged pocket for stabilising ATP (Figure 2-19). Other positively charged regions of phiKo 

gp14 may potentially be involved in binding DNA. Little difference was observed of the 
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electrostatic potential surfaces of the three structures of gp14-phosphate, gp14-AMPPMP and 

gp14-ADP (data not shown). 

2.3.6 Mechanism of ATP hydrolysis  

 

Figure 2-20 Omit maps for structures of phiKo gp14 complexes with ATP analogues. 

a. Omit map (mFO-DFC) of phiKo gp14-AMPPNP complex contoured at 2.5 s level; b. 

Omit map (mFO-DFC) of phiKo gp14-ADP complex contoured at 3 s level; c. Omit map 

(mFO-DFC) of phiKo gp14-AMPPCP complex contoured at 2 s level. Omit maps were 

contoured by CCP4MG (173). The magnesium ion is represented by the lime green sphere, 

and water molecules are displayed as red spheres. 

 

To investigate the ATP hydrolysis mechanism, the structures of phiKo gp14 complexes of pre-

hydrolysis state (with AMPPNP or AMPPCP bound) and post-hydrolysis state (with ADP 

bound) were compared (Figure 2-20). The bound AMPPNP, ADP and AMPPCP moieties 

were unambiguously defined in the omit density maps, respectively, inside the ATP binding 

pocket (Figure 2-20). The structures of phiKo gp14 in complex with AMPPNP and ADP 

contain the catalytic magnesium in octahedral coordination (Figure 2-20a and 2-20b). In 

construct, the structure with AMPPCP does not contain a catalytic metal ion (Figure 2-20c). 

The absence of catalytic metal ion in the gp14-AMPPCP complex along with high mean B 

factors of the AMPPNP moiety (Table 2-10) suggests weak interactions of AMPPCP with the 

ATP binding pocket, possibly corresponding to a pre-binding state.  
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Figure 2-21 ATP binding pocket of phiKo gp14 complex structures. 

a. ATP binding pocket of phiKo gp14. The solvent excluded surface of the ATP binding 

pocket is calculated and coloured in semi-transparent light green using Chimera (174). The 

Walker A motif is coloured in purple; D100 and E101 of the Walker B motif are coloured 

in orange. The conserved R124 is highlighted in dark green. b. ATP binding site geometry 

of the gp14-phosphate complex; c. ATP binding site geometry of the gp14-AMPPNP 

complex; d. ATP binding site geometry of the gp14-ADP complex. Atoms are coloured as 

follows: oxygen, red; nitrogen, blue; phosphor, orange; magnesium, green. 

 

Next, configurations of the ATP binding site for complexes with phosphate, AMPPNP and 

ADP were investigated (Figure 2-21). The ATP binding pocket is formed by both the Walker 

A (including residues G16, T17, T18, G19, A20, G21, K22, S23 and T24) and Walker B motifs 

(including residues V97, V98, V99, D100 and E101). In addition, residues K42, E44, Q135, 

R184, V185, W186, M199, L200 and R201 also contribute to the establishment of the ATP 

binding pocket (Figure 2-21a). In the structure of the phiKo gp14 complex with phosphate, 

the phosphate binds to the Walker A motif residues G21, K22, S23 and T24, through direct or 
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water-mediated hydrogen-bonding interactions (Figure 2-21b). The phosphate is positioned 

similarly to the b-phosphate of the bound AMPPNP and ADP (Figure 2-21c and 2-21d).  

In both the AMPPNP and ADP bound gp14 structures, the sidechains of R184 and L200 stack 

onto the adenine moiety by non-polar interactions (Figure 2-21c and 2-21d). In the phiKo 

gp14-AMPPNP structure, an intensive H-bonding network is formed to stabilise the AMPPNP 

(Figure 2-21c). The sidechain amino group of K22 stabilises both the b- and g-phosphate of 

AMPPNP via H-bonds (Figure 2-21c). Moreover, the sidechain of T18 forms a H-bond to the 

g-phosphate and the sidechain of T24 interacts with the a-phosphate of AMPPNP. The main 

chain amide of S23 is H-bonding to the b-phosphate. The sidechain of R184 stabilises the 

sugar pucker of AMPPNP via a direct H-bond. In addition, the N6 of the adenine interacts with 

the main chain of R201 and R184 via water-mediated H-bonds, respectively, and the N7 of the 

adenine contacts the mainchain hydroxyl of G21 (Figure 2-21c). The conserved E101 is H-

bonded to a water molecule which contributes two H-bonds to the g-phosphate and a metal 

coordinated water (Figure 2-21c), indicating that E101 might be the general base to polarise 

the water molecule for nucleophilic attack, in common with other ASCE group ATPases (6, 

194, 195). The sidechain of Q135 forms a salt bridge to the sidechain of E101, likely 

facilitating proton transfer during ATP hydrolysis (Figure 2-21c). The catalytic magnesium is 

coordinated by oxygen atoms from the b- and g-phosphates, two water molecules and the 

sidechain hydroxyl of S23 (Figure 2-21c). 

The binding mode of ADP in the active site is similar to the gp14-AMPPNP structure, but 

several differences are noted. Due to the lack of g-phosphate, the H-bonding interactions 

between protein and the g-phosphate are broken (Figure 2-21c and 2-21d). In particular, the 

T18 residue has reoriented its sidechain to establish a water-mediated H-bond with the 

sidechain hydroxyl group of Q135 (Figure 2-21d). The adenine moiety of ADP forms a slightly 

more enhanced H-bonding network to the protein by involving in W186 to stabilise the 

adenine moiety of ADP. The N6 of the adenine forms a H-bond to the mainchain oxygen of 

R201.  

Moreover, the N6 atom of the adenine of ADP makes water-mediated interactions with the 

main chain of L200 as well as the sidechain of W186 (Figure 2-21d). The mainchain amide of 

G19 is H-bonding to the b-phosphate (Figure 2-21d). In addition, the D100 of the conserved 

Walker B motif mediates the coordination of waters to the catalytic magnesium but not directly 

to the magnesium ion in both gp14-AMPPNP and gp14-ADP structures (Figure 2-21c and 2-

21d), whereas the conserved aspartate of Walker B motif directly coordinates the catalytic 

metal ion in some other ASCE ATPases (6, 196). The S23 residue coordinates the catalytic 
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magnesium in both gp14-AMPPNP and gp14-ADP structures, similar to other ASCE ATPases 

(6, 85).  

 

Figure 2-22 The ‘trans-arginine finger’ of hexametric ASCE group ATPases. 

The ATP binding sites of the FtsK translocase [upper left, PDB code 2IUU, (72)], HerA 

ATPase [upper central, PDB code 4D2I, (197)) and TrwB ATPase [upper right, PDB code 

1GKI, (198)] show the location of catalytic residues common to all FtsK/HerA family 

ATPases. The ATP binding site of E1 helicase [lower left, PDB code 2GXA] highlighting 

the location of the catalytic residues common to all hexametric AAA+ family ATPases. 

The ATP binding sites of F1-ATPase b subunit [lower central, PDB code 2HLD, (199)] 

and Rho helicase [lower right, PDB code 3ICE, (200)] shows the composition of the 

catalytic residues common to all hexametric RecA-like ATPases. The P-loop Walker A 

motif is labelled as WA and coloured in magenta, the ‘trans-arginine-finger’ (R-F; blue). 

The catalytic glutamate of Walker B is in purple, and the aspartate involved in catalysis is 

in dark green. The two adjacent subunits are coloured in yellow (left) and light grey (right). 

Nucleotides, including ADP, AMPPMP and ADP-BeF3, are displayed in sticks. 

 

According to the accepted mechanism of ATP hydrolysis by ASCE group hexametric 

ATPases, an additional positively charged residue (arginine) is required as a catalytic sensor 

to facilitate ATP hydrolysis (Figure 2-22). However, in the monomeric gp14-AMPPNP 

structure, K22 is the only positively charged residue stabilising the g-phosphate (Figure 2-21c). 

Hence, it is likely that the catalytic positively charged residue is provided by an ‘adjacent’ 
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subunit, following the assembly of the oligomeric state, in common with other ASCE group 

hexametric ATPases (6, 72, 197, 198). 

 
Figure 2-23 A phosphate binds to the conserved R124 in the structure of the gp14-

phosphate complex. 

The protein is shown as ribbon and coloured in blue. The phosphate ion and coordinated 

sidechains are displayed as sticks with atoms coloured as follows: oxygen - red, phosphor 

- orange, nitrogen - blue. H-bonds shown by dashed lines. 

 

In the gp14-phosphate structure, a phosphate is bound to the sidechains of R11 and R124 

(Figure 2-23), indicating that these two arginine residues likely serve as a phosphate binding 

site. This phosphate is also bound to A121 and S125 through water-mediated interactions 

(Figure 2-23). Interestingly, R124 is conserved across FtsK/HerA family ATPases (Figure 2-

17a and 2-18), suggesting this conserved arginine is likely the ‘trans-acting arginine finger’ 

playing the role of a catalytic sensor for assisting the scissile phosphate release during ATP 

hydrolysis, in common with other hexametric ASCE ATPases (Figure 2-22). 
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2.3.7 A model of the phiKo gp14 hexamer 

 

Figure 2-24 Predicted model of the phiKo gp14 homo-hexamer. 

a. Ribbon diagram of the model for the hexamer. The homo-hexamer of gp14 was 

predicted by GalaxyTongDock (201), with the protein in light grey and solvent excluded 

surfaces of the conserved R124 and K22 in pink and forest green, respectively. b. Ribbon 

diagram with the positively charged residues (arginine and lysine) located at the surface 
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of central channel shown as sticks and coloured in brown. c-f. Orthogonal views of the 

electrostatic surface potential of the hexamer. The docked structure was assigned charges 

by PDB2PQR (191) using SWANSON force field (192). Electrostatics potential surfaces 

of phiKo gp14 structures (red, negative to blue, positive, ± 10 kT) were calculated by 

APBS (193) in Chimera (174). 

 

To investigate the oligomerisation possibilities of phiKo gp14, a protein-protein docking 

method to generate a homo-oligomer was adopted for further analysis. The homo-oligomer of 

gp14 was modelled by rigid-body docking (202) with the monomeric gp14 structure as the 

input (Figure 2-24). The possible homo-hexamer of phiKo gp14 manifests the ATP binding 

site at the interface between two adjacent subunits, and the conserved R124 (Figure 2-18) 

protrudes towards the ATP binding pocket (Figure 2-24a). Positively charged residues, 

R77, K79, K139, R162 and R174, are located at the surface of the centre channel with 

sidechains exposed into the solvent (Figure 2-24b). One or several of these residues are likely 

to contact with DNA during DNA translocation. 

To further analyse the docked hexameric model of the phiKo gp14, the charge distribution of 

the protein surface was investigated (Figure 2-24c - 2-24f). The top surface of the hexamer is 

mostly negatively charged (Figure 2-24c), and the side and the bottom surfaces of phiKo gp14 

are largely positively charged (Figure 2-24d and 2-24e). The central channel of gp14 hexamer 

is also highly positively charged, indicating the potential for protein-DNA interaction (Figure 

2-24f). 

 

Figure 2-25 Location of R124 in the docked model of phiKo gp14 homo-hexamer. 
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Side views at the two adjacent subunits of the hexamer. a. gp14-AMPPNP complex; b. 

Same view as (a) but for the complex with ADP. The left subunit is in pink, and the right 

subunit is in light grey. 

 

Significantly, the sidechain of R124 from the neighbouring subunit is facing towards the 

scissile phosphate of the bound AMPPNP and is close to the bound ADP in the hexamer 

models (Figure 2-25). This structural feature likely illustrates the possible linkage between 

ATP hydrolysis and protein oligomerisation, in common with other FtsK/HerA ATPases (72, 

197). In addition, R11 residue may also be involved in ATP hydrolysis as a catalytic sensor, 

similar to several other ASCE group ATPases that use two ‘trans-arginine fingers’ for ATP 

hydrolysis (83, 197). 

2.3.8 Characterisations of protein stability of phiKo gp14 

 

Figure 2-26 Effects of salt concentration on thermal unfolding profiles of phiKo gp14. 

a. Effects of salt concentration on thermal unfolding profiles of phiKo gp14 at pH 7.5. b. 

Effects of salt concentration on thermal unfolding curves of phiKo gp14 at pH 5.0. 

 

Table 2-11 Thermal unfolding midpoint temperatures (Tm) of phiKo gp14. 

 Tris buffer pH 7.5 Citrate buffer pH 5.0 

NaCl concentration Tm (°C) Tm (°C) 

8 mM 55.1 64.5 

58 mM 57.0 64.9 

108 mM - 65.8 

158 mM 62.3 65.9 

408 mM 53.7 67.4 
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908 mM 56.7 70.8 

Data derived from the same measurements in Figure 2-26. 

 

The thermostability of phiKo gp14 was measured by NanoDSF, as described in section 2.2.7. 

The label-free nanoDSF technique determines the thermal unfolding transition midpoint 

(melting point, Tm) by measuring the intrinsic dual-UV fluorescence change in tryptophan and 

tyrosine residues at emission wavelengths of 330 and 350 nm (203). The phiKo gp14 protein 

contains 12 tryptophan and 11 tyrosine residues in its 203 amino acids, hence, the recorded 

changes in the intrinsic fluorescence are expected to accurately reflect Tm, which was obtained 

for each sample from the plot of inflection points in the first derivative curve of the ratio of 

emission intensities (F350/330) against temperature (Figure 2-26). The results of the thermal 

unfolding profiles show that phiKo gp14 has higher Tm values in citrate buffer pH 5.0 than in 

Tris buffer pH 7.5 (Table 2-11), suggesting that the protein is more stable at pH 5.0. 

Consistently, crystals of phiKo gp14 were grown in the condition containing 0.1 M citric acid 

pH 4.0 - 5.0. Furthermore, at pH 5.0, a higher concentration of NaCl results in enhanced 

stabilisation of phiKo gp14 by increasing the melting temperature from 64.5 to 70.8 °C (Table 

2-11). 
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2.3.9 Characterisations of ATPase activity of phiKo gp14 

 

Figure 2-27 ATPase activity of phiKo gp14. 

a. ATP hydrolysis rate of three protein constructs: untagged phiKo gp14 with native N-

terminus (gp14NCS1-203, post-cleaved by SUMO protease), untagged phiKo gp14 with the 

post-cleavage G-P-A residues at N-terminus (gp14NCH1-203) and 6 ´ His tagged phiKo gp14 

(gp14NNH1-203). The linear fit for each protein construct was set to pass through the zero 

intercept. The icons show the averaged data of sample replicates, and the error bars show 

plus/minus standard deviation (SD); b. Effects of ATP concentration on the ATPase 

activity of phiKo gp14; c. Effect of pH on ATPase activity of phiKo gp14; d. Effects of 

reaction temperature on ATPase activity of phiKo gp14; e. Effects of NaCl concentration 

on ATPase activity of phiKo gp14; f. Effects of reaction/incubation time on ATPase 

activity of phiKo gp14. The columns in the graph denote the mean of each datapoint 

replicates while the error bars on each column show plus (panel f) or both plus and minus 
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(panel e) standard deviations (SD). Each sample has two replicates, except for the data in 

(f), which has three replicates. 
 

Based on the structural observations of phiKo gp14, the N- and C- termini are quite close to 

each other (Figure 2-17), and the C-terminus is involved in nucleotide-binding (Figure 2-21). 

To find out whether the addition of the expression tag protein at the N-terminus affects phiKo 

gp14 ATPase activity, an initial experiment was performed by comparing three constructs of 

phiKo gp14: untagged phiKo gp14 with native N-terminus (gp14NCS1-203), untagged phiKo 

gp14 with remaining post-cleavage G-P-A residues at the N-terminus (gp14NCH1-203) and a 6 ´ 

His tagged phiKo gp14 (gp14NNH1-203) (Figure 2-27a). The ATP hydrolysis rate was determined 

from the absorbance value at 620 nm (A620) using an inorganic phosphate (Pi) standard curve 

(Appendix 5). KH2PO4 was used to generate the Pi standard curve (Appendix 5). The results 

show that the untagged phiKo gp14 (gp14NCS1-203) is the most active protein amongst the three, 

while the non-tagged protein with remaining G-P-A residues at N-terminal end is the weakest 

(Figure 2-27a), showing that the additional residues from the fusion construct slightly impact 

the ATPase activity of gp14. These subtle changes in the ATPase activity of gp14 indicate that 

the N-terminal end of gp14 may play a role in ATP hydrolysis. Also, a protein concentration-

dependent increase in the rate of ATP hydrolysis was observed for gp14 (Figure 2-27a), though 

the highest hydrolysis rate is still low (43.5 pmols/µM/min), compared to other ATPases (85, 

204). This low ATP hydrolysis rate may be partially due to the poor solubility of phiKo gp14.  

Accordingly, further experiments were performed with the untagged phiKo gp14 construct 

with native N-terminus (gp14NCS1-203). An increase in absorbance at 620 nm (A620) was 

observed when increasing the ATP concentration (Figure 2-27b). The phiKo gp14 is most 

active when adding 3 mM ATP, while the A620 value drops slightly when the ATP 

concentration is greater than 3 mM. The decrease in A620 may be due to the higher 

concentration of ATP, causing the protein to precipitate or form inappropriate assemblies. 

Unexpectedly, the addition of phiKo genomic DNA slightly decreased the activity of phiKo 

gp14 (Figure 2-27b). 

The optimal activity of phiKo gp14 was observed at pH 5 and 6 (Figure 2-27c). In addition, 

the measured A620 increased when the incubation temperature was increased from 50 °C to 

70 °C (Figure 2-27d). When considering the thermal unfolding profiles of phiKo gp14 (Figure 

2-26 and Table 2-11), the optimal reaction temperature is 50 °C as it is lower than the Tm values 

of phiKo gp14. Although the higher concentration of NaCl thermodynamically stabilises 

phiKo gp14 protein (Figure 2-26 and Table 2-11), a high concentration of NaCl is harmful to 

its ATPase activity (Figure 2-27e) by causing a decrease in the ATP hydrolysis rate. Finally, 

increasing the incubation time from 10 min to 60 min, resulted in a 5-fold decrease of the ATP 
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hydrolysis rate, indicating that phiKo gp14 might precipitate or aggregate over time or, 

potentially, misassemble during ATP turnover. 

2.3.10 Characterisation of DNA binding of phiKo gp14 

 

Figure 2-28 DNA binding activity of phiKo gp14. 

a. Probing DNA binding of 6 ´ His tagged phiKo gp14 (gp14NNH1-203) by Electrophoretic 

mobility shift assay (EMSA); b. DNA binding of untagged phiKo gp14 (gp14NCS1-203) 

protein; c. DNA binding of untagged phiKo gp14 with the post-cleavage G-P-A residues 

at the N-terminus (gp14NCH1-203); d and e. DNA binding assays for series of dilutions of 6 

´ His tagged phiKo gp14 (gp14NNH1-203) visualised at a fluorescence emission wavelength 

of 635/650 nm (panel d) and stained in Coomassie blue dye (panel e). 

 

In order to investigate the DNA binding activity of phiKo gp14, the electrophoretic mobility 

shift assay (EMSA) was performed for the purified gp14 protein and dsDNA (the sequences 
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are given in Appendix 6). First, binding of the 6 ´ His tagged phiKo gp14 (gp14NNH1-203) to a 

30 bp dsDNA was investigated. The result shows that the binding activity of phiKo gp14 is 

too weak to quantify. When the protein concentration was increased, a considerable amount 

of protein precipitated in the wells and did not run into the gel, similar to the other fusion 

proteins of phiKo gp14, gp14NCH1-203 and gp14NNH1-203 (Figure 2-28). Multiple weak bands are 

observed above the free DNA band (Figure 2-28a), may suggest that multiple protein 

molecules bind to the same DNA, and protein recognises DNA non-specifically. The weak 

binding is probably due to the hydrophobicity of the surface of phiKo gp14 (Figure 2-29) that 

may potentially cause improper protein assembly and protein precipitation. For the three 

constructs ( gp14NNH1-203, gp14NCH1-203 and gp14NNH1-203) of phiKo gp14, a smeary region was 

observed above the free DNA band on the 2.5% polyacrylamide gel (Figure 2-28b -2-28d), 

indicating that phiKo gp14 may dissociate from the DNA gradually, or the protein 

precipitation somewhat prevents the free DNA migration into gel during electrophoresis. The 

0.6% agarose gel appears to be better than the native polyacrylamide gel for this assay, as it 

contains larger pores for protein-dsDNA complex migration during electrophoresis. 16 bp and 

20 bp dsDNA were also used for binding assays, but only a weak smear staining in the lane 

was observed, similar to the results of 30 bp dsDNA (data are not shown).  

 

Figure 2-29 Hydrophobicity surface of phiKo gp14. 

Blue is for the most hydrophobic residues, and red is for the most hydrophilic residues. 

The hydrophobicity of the surface was calculated in Chimera (174). 
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2.3.11 Characterisation of the DNA packaging activity of phiKo gp14 

2.3.11.1 Isolation of phage phiKo 

 

Figure 2-30 Growth curve of phage phiKo. 

OD600 of the post-infection phage culture was measured at different time points (every 1 

hour). 0 h was the time point when phage stock or phage plaques were injected into the 

host cell culture. 

 

In order to characterise the DNA packaging activity of phiKo gp14, the production of empty 

capsids and mature virions of phage phiKo was investigated. Phage growth experiments of 

phage phiKo were conducted using Thermus thermophilus HB 27 cells as the host. The latent 

period of phiKo was about 3 h (Figure 2-30), and phiKo is a lytic phage, like other Tectiviridae 

family viruses (205). The latent period is the time taken by a phage particle to reproduce inside 

the host cell after entry. It begins at the point that the virions attach to the host cell and/or 

nucleic acid uptake and ends with infection termination and virion release (206, 207).  

2.3.11.2 Purification of phage phiKo 
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Figure 2-31 Purification of phage phiKo by density gradient ultracentrifugation. 

a. Diagram of density gradient ultracentrifugation for phage phiKo (not to scale); b. 

Fractions collected from density gradient ultracentrifugation were resolved by SDS-PAGE. 

The SDS-polyacrylamide gel was stained with Coomassie brilliant blue dye. M - protein 

molecular mass marker, Load – the loaded sample before ultracentrifugation, T – sample 

of the top zone (fraction), Mid – sample of the middle zone (fraction) and B – sample of 

the bottom zone (fraction).  

 

The phage sample was isolated as described in the section 2.2.10.2 and was initially purified 

by rate zonal density gradient ultracentrifugation. Three zones were observed on the density 

gradient column as depicted in the diagram above (Figure 2-31a). The samples were collected 

from each fraction (zone) and resolved by SDS-PAGE. All three zones contained a band at ~ 

36 kDa (Figure 2-31b), which was considered to be the major capsid protein [(molecular 

weight of 37.2 kDa as calculated by ExPASy ProtParam (179)], showing all these fractions 

contained a considerable amount of the capsids. The samples from the middle and bottom 

zones contained fewer contaminating proteins than the top zone (Figure 2-31b). The materials 

collected from each fraction were separately further purified by size exclusion 

chromatography.  
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Figure 2-32 Purification of phage phiKo by size exclusion chromatography. 

a. Chromatogram of the middle zone of phiKo phage sample obtained from density 

gradient ultracentrifugation and the eluted fractions were analysed by SDS-PAGE; b. 

Chromatogram of the bottom zone of phiKo phage sample obtained from density gradient 

ultracentrifugation and the eluted fractions were viewed by SDS-PAGE; c. Electron 

microscopy image of the eluted fractions of (a) containing phage phiKo (mostly empty 

capsids); d. Electron microscopy image of the eluted fractions of (b) containing phage 

phiKo (mostly filled capsids). 

 

Phage phiKo belongs to the Tectiviridae family and likely has a similar virion conformation 

to other Tectiviruses, such as PRD1 (14, 15). Phage PRD1 has an external pseudo T = 25 

icosahedral capsid shell composed of ~ 720 copies of the major capsids protein (14, 15). 

Accordingly, the assembled capsid of phage phiKo is also expected to contain ~ 720 capsids 

protein copies with the total estimated molecular weight of ~ 26 MDa. The phage phiKo 

possess 11 kb dsDNA linear genome, and its molecular weight is ~ 6.9 MDa. In addition, the 

fractionation range of the column (HiPrep Sephacryl S-500 HR column, GE Healthcare) 

applied in this study is 40 kDa – 20 MDa, smaller than the size of the phage particle, therefore, 

the phage particles are expected to be eluted in the void volume (mobile phase) of the column. 

The eluted fractions of the samples from the middle and bottom zones of the density gradient 

column were first resolved by SDS-PAGE (Figure 2-32a and 2-32b), showing that the first 

peak that eluted at the early stage of the void volume contained a band with the approximately 

correct size for capsid protein, while the second peak contained protein contaminants. The 

fractions of the chromatography first peak were further analysed by negative stain 

transmission electron microscopy, as seen in Figure 2-32c and 2-32d. Transmission electron 

microscopic (TEM) images of purified phage from different fractions revealed that the empty 

capsids primarily existed in the middle zone of the density gradient column, and the filled 

phage particles were found mainly in the bottom zone (Figure 2-32c and 2-32d), due to the 

increased density of DNA packaged virions compared with the empty ones. Moreover, the 

TEM images demonstrate that phage phiKo is a tailless bacteriophage and morphologically 

identical to the widely studied Tectivirus phage PRD1 (Figure 2-33) (see section 1.1.1 for 

details of phage PRD1). The mature virion of phiKo has an outer protein shell (diameter of ~ 

65 - 70 nm) and an inner membrane, encapsulating a genome (Figure 2-33). 
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Figure 2-33 Morphology of phage phiKo. 

a-d. Empty capsids of phage phiKo; e-h. Filled capsids of phage phiKo. 

 

2.3.11.3 Characterisation of DNA packaging of phiKo gp14 

 

Figure 2-34 DNA packaging assay for phiKo gp14. 

M indicates the DNA ladder, and gDNA indicates genomic DNA. 1. gDNA (input, 

negative control); 2 - 3. negative controls (empty capsids only); 4 - 5. gDNA + empty 

capsids; 6 - 7. gDNA + empty capsids + phiKo gp14 protein; 8. gDNA + phiKo gp14 

protein. 

 

The genomic DNA (gDNA) of phage phiKo was isolated and purified in this study (in Method 

and materials section 2.2.10.5), based on the method described previously for phage PRD1 

gDNA isolation (32). The size of phiKo gDNA is ~ 11 kb (Figure 2-34). The purified empty 
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capsids in section 2.3.11.2 were used for DNA packaging assays. Despite intensive 

optimisation of the conditions for DNA packaging assays, no packaging activity of phiKo 

gp14 was observed as shown in the example displayed in Figure 2-34. Since the optimal 

growth temperature for the phage is 70 °C and the optimal temperature for ATPase activity of 

gp14 is 50 - 60 °C (in section 2.3.9), assays were carried out at 50, 60 and 70 °C, yet no 

packaging activity has been observed for gp14 so far. The poor solubility of phiKo gp14 may 

also limit the packaging activity, although the capsid protein is very soluble in low salt (even 

no salt) buffers. Since the DNA packaging ATPase, packaging efficiency factor and two 

membrane associated proteins, form the packaging unique vertex on the viral particles, like 

the Tectivirus PRD1 (14, 39, 41), as discussed in section 1.2.2.3 above. It is likely that one or 

several of these ‘partner’ protein components facilitate DNA packaging along with the 

oligomeric assembly of packaging ATPase gp14 in phage phiKo. Therefore, identification of 

the potential ‘partner’ protein is essential for understanding how this packaging machinery of 

phiKo works.  

2.4 Discussion  

Solubility of phiKo gp14 is low 

The phiKo gp14 protein was successfully overexpressed, purified and crystallised in this study. 

The full length phiKo gp14 protein is relatively small, comprising 203 residues and has a 

molecular weight of 23.6 kDa, as seen in section 2.3.2. The protein solubility of phiKo gp14 

is low, and the soluble materials of purified phiKo gp14 can be concentrated only to up to 2.5 

mg/ml. Attempts at generating different fusion constructs (Table 2-2) to improve solubility 

have not been successful so far, nor was the experiment to produce oligomeric phiKo gp14, as 

described in sections 2.3.2.1 - 2.3.2.3. Although the recombinant cleavable SUMO-tagged and 

6 ´ His tagged fusions helped to solubilize the phiKo g14 protein, a considerable amount of 

phiKo gp14 precipitated upon cleavage of the tag from the target fusion protein. The shorter 

non-cleavable 6 ´ His tag only slightly increased protein solubility, compared to the other 

cleavable SUMO and 6 ´ His tagged fusion constructs. 

PhiKo gp14 is thermodynamically stable but loses ATPase activity over time 

Protein stability usually refers to two parameters: kinetic and thermodynamic stabilities. The 

kinetic stability is characterised by an enzyme’s half-life and is determined by following the 

decrease in enzyme catalytic activity over time (208). The thermodynamic (or conformational) 

stability is given by the resistance of a folded protein to denaturation by thermal unfolding, 

reflected in the melting temperature (Tm). 
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Since the phiKo gp14 is a putative DNA packaging ATPase, ATPase and DNA binding 

activities were investigated to obtain a better understanding of its function and stability. PhiKo 

is a Thermus thermophilus bacteriophage with an optimal growth temperature of 70 °C, as seen 

in section 2.2.10.1. Therefore, the putative packaging ATPase phiKo gp14 is expected to be 

stable at a relatively high temperature. Indeed, the thermal unfolding profiles show that phiKo 

gp14 is relatively stable, with a melting temperature that is higher than 53 °C in Tris pH 7.5 

buffer and higher than 64.5 °C in citrate buffer pH 5.0 (Figure 2-26 and Table 2-11). 

Unexpectedly, the melting temperature of phiKo gp14 is lower than the optimal phage growth 

temperature, suggesting that other protein components may potentially stabilise gp14 within 

the same phage or its host cells at higher temperatures. In addition, well-diffracting crystals 

grew from the crystallisation conditions containing citrate ions at low pH 4.0 - 5.0, further 

suggesting that citrate and low pH buffer are potentially vital for stabilising gp14. Notably, 

buffers containing high NaCl concentration also increase the melting temperature of phiKo 

gp14 (Table 2-11), however, NaCl at high concentration is harmful to the ATPase activity, 

resulting in decreased ATP hydrolysis rates (Figure 2-27e). The effects of NaCl is likely due 

to the high ionic strength inhibiting phiKo ATPase activity. For future characterisation of the 

ATPase activity and DNA packaging activity of gp14, optimisation of conditions that balance 

salt concentration and gp14 ATPase activity may be needed. 

The ATPase activity assays illustrate that phiKo gp14 loses ATPase activity over time (Figure 

2-27f), likely due to poor protein solubility causing irreversible precipitation during the 

reaction, and to lack of interacting phage protein partners required for protein assembly. In 

addition, the DNA binding assays show that phiKo gp14 probably bind dsDNA weakly and 

non-specifically (Figure 2-28), though a large amount of phiKo gp14 precipitated and 

remained in the well of the native gel during the electrophoresis (Figure 2-28), preventing 

quantification of the binding data. Also, it has been challenging to reproduce the DNA binding 

activity of phiKo gp14, partially due to the poor solubility likely induced by mis-assembly of 

phiKo gp14. For future investigations of the ATPase and DNA binding activities of phiKo 

gp14, the presence of other protein partners may also be needed for appropriate 

oligomerisation of gp14. 

Potential oligomerisation of phiKo gp14 protein 

The phiKo gp14 was purified as a monomer in solution (as seen in sections 2.3.2.1 and 2.3.2.2) 

and appeared as a monomeric species in the crystals (Table 2-10). Analysis of protein docking 

of the monomeric phiKo gp14 structure suggests that protein oligomerisation likely requires 

some other factors, such as a catalytic sensor residue involved in transition state formation 

during ATP hydrolysis, projecting from the neighbouring subunit for the appropriate assembly 

of the phiKo gp14, or a ‘helper’ protein component within the same phage. 
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Since phiKo gp14 has a conserved FtsK/HerA fold (Figure 2-17), it is expected to function as 

an oligomer in vivo, most likely a ring-shape homo-hexamer, similar to other FtsK/HerA 

family ATPases (as mentioned in section 1.3.3) (6, 72, 197, 209). Therefore, a hexamer of 

phiKo gp14 was generated by molecular docking. The centre channel of the model hexamer 

of phiKo gp14 is large enough to be able to accommodate a B-form dsDNA with a ~ 23 Å 

diameter. In addition, previous cryoEM reconstruction analysis for the evolutionary related 

phage PRD1 suggested that the packaging ATPase and the packaging efficiency factor form a 

dodecameric portal complex (14). However, based on structural modelling analysis, phiKo 

gp14 is unlikely to form ring-like homo-dodecamers, due to the central channel of the 

modelled homo-dodecamer ring being ~ 80 Å (data not shown), unrealistically large for 

efficient DNA translocation. It is possible that the appropriate assembly of phiKo gp14 is 

completed by forming a higher-order complex with an auxiliary protein component within the 

same phage to assemble into a hetero-dodecamer. 

N- and C- terminal segments of phiKo gp14 may facilitate oligomerisation  

Structural observations show that C-terminal residues are involved in nucleotide binding 

(Figure 2-21). Moreover, the ATPase activity assays demonstrate that the phiKo gp14 

construct with an N-terminal 6 ´ His tag and the gp14 protein with three post-cleavage N-

terminal residues showed lower activity than the untagged phiKo gp14 protein (Figure 2-27a), 

suggesting that the N-terminus of gp14 may play a role in ATP hydrolysis. Future studies may 

benefit from expressing a native untagged construct of phiKo gp14 to probe their potential 

influence on oligomerisation. It is also possible that gp14 oligomerisation requires other 

‘helper’ protein components and the appropriate cellular context, as the protein assembly may 

happen in cells.  

Characterisation of DNA packaging of phiKo gp14 

For tailless Tectiviruses, the DNA packaging vertex, located on the capsid, is comprised of 

four components, including two membrane associated proteins, a DNA packaging ATPase and 

a packaging efficiency factor (as discussed in section 1.2.2.3). The two membrane associated 

proteins are assembled on the unique vertex of the procapsid, and the DNA packaging ATPase 

and packaging efficiency factor proteins are attached to the packaging vertex on the capsids. 

They may initiate the DNA packaging, as mentioned in section 1.2.2.3. After packaging DNA 

into the procapsid, the DNA packaging ATPase remain on the virion (14, 41). Phage phiKo 

belongs to the Tectiviridae family and is expected to employ a similar unique vertex for DNA 

packaging.  

In this thesis, a DNA protection assay was performed in an attempt to probe the DNA 

packaging activity of phiKo gp14, as described in section 2.2.10.6. The phage sample 
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containing empty capsids were purified and used for the DNA packaging assay. The observed 

lack of DNA packaging activity was likely due to the absence of the packaging efficiency 

factor or another packaging associated auxiliary protein. Since the packaging efficiency factor 

protein lacks sequence conservation, it has not yet been identified in the phage phiKo. Future 

study would benefit from the identification of the DNA packaging efficiency factor.  

In addition, Tectiviridae family viruses, such as phage PRD1, use protein-primed DNA 

replication mechanism (as described in section 1.2.2.2), in which the terminal protein remains 

covalently attached to the 5’ genome after DNA replication. The complex of terminal protein 

- genomic DNA is packaged into the procapsid through the unique vertex while the genome 

terminal protein may function as a valve that closes the channel once the genome is inside in 

the bacteriophage PRD1 (14). Likewise, in phage phiKo, there should also be a ‘terminal 

protein’ with functions similar to the one in PRD1. However, due to the lack of sequence 

conservation between terminal proteins, the putative terminal protein in phiKo has not yet 

been identified. The unsuccessful packaging assay may also be due to lack of terminal protein; 

hence, further investigation of the potential ‘helper’ protein would be helpful for investigation 

of the DNA packaging activity of gp14.  
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3 Structure and function of the NS3 helicase from Zika virus  

3.1 Introduction  

Zika virus NS3 helicase (NS3h) belongs to the superfamily 2 (SF2) helicases having the 

conserved helicase motifs spread over two RecA-like domains (69, 75, 79, 97, 112). Most 

helicases belong to superfamilies 1 and 2 and contain most or all of the conserved helicase 

motifs I-VI (69, 75). The conserved helicase motifs I (P-loop), Ia, Ib, Ic, II (DExx motif) and 

III are in domain 1, and helicase motifs IV, V and VI are in domain 2 (75, 79, 97, 112), as seen 

in section 3.3.3. These conserved helicase motifs are either responsible for RNA binding or 

NTP hydrolysis (79, 112). Moreover, the helicase motif V was thought to be responsible for 

coupling ATP hydrolysis and RNA unwinding in a DEAD-box helicase,Vasa, based on 

mutagenesis analysis (210).  

Metal fluoride analogues of the phosphoryl group (PO3
−) have been applied in a wide range of 

phosphoryl transfer reactions. These analogues provide insights into a mechanism for 

phosphoryl transfer with in-line geometry in the transition state (TS) (211, 212). The 

tetrahedral BeF3
− ground state analogue (GSA) with octahedral AlF4

− and trigonal bipyramidal 

MgF3
− transition state analogue (TSA) complexes have enabled observation of molecular 

events that couple the catalytic steps of phosphoryl transfer to conformational changes (212, 

213).  

This chapter describes the structural basis for RNA translocation and NTP hydrolysis by the 

Zika virus NS3h. The NS3h protein was successfully overexpressed and purified in vitro. The 

purified NS3h protein was used for crystallisation. Since the co-crystallisation of NS3h with 

the AMPPMP and AMPPCP yielded apo form structure, lacking bound ATP analogues. In an 

attempt to obtain crystals for pre-hydrolysis and transition state complexes, the more stable 

and commonly used metal fluoride mimics were used for co-crystallisation. Crystal structures 

of NS3h were determined in its apo form and in complexes with  several nucleotides, including 

pre-hydrolysis substrate analogues (ATPgS and ADP-BeF3
-), a transition state analogue [ADP-

MgF3(H2O)-] and a post-hydrolysis product compound (ADP), as well as in a complex with a 

single-stranded RNA segment containing the 5’ phosphate (pRNA9). Due to the transition state 

analogue ADP-MgF3(H2O)- not having been observed before, this complex was subjected to 

careful examination by crystallography and 19F NMR, to validate this unique ligand. 

Furthermore, additional biochemical characterisations, including protein stability, RNA 

binding and ATPase activity assays, were performed. The data presented here, unveil the 

structural and chemical events that accompany RNA unwinding. 
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3.2 Methods and materials 

3.2.1 Protein production and purification 

The full-length NS3 protein is multifunctional, comprising an N-terminal proteinase domain 

and a C-terminal helicase domain (as mentioned in section 1.2.3.2). The C-terminal helicase 

domain (residues 171-617 and 183-623) of NS3 from Zika virus was investigated in this thesis. 

The C-terminal helicase domain of the NS3 protein (residues 183 – 623, NS3h183-623) 

corresponding to a Zika virus strain isolated in Brazil (NCBI accession code: ANC90426.1) 

(214) was produced using synthetic DNA (GeneArt, Thermofisher Scientific) cloned into 

YSBL-LIC (-) vector (153). The construct of the NS3h (residues 171 - 617, NS3h171-617) was 

amplified from the same DNA of NS3h183-623. 

6 ´ His-tagged NS3h fusion proteins were expressed in Rosettaä 2 (DE3) cells. Colonies 

carrying the recombinant target vector were picked and transferred in 10 ml freshly prepared 

LB medium containing 30 μg/ml kanamycin and 33 μg/ml chloramphenicol for overnight 

culture at 37 °C with shaking (180 rpm). The next day, the overnight culture was transferred 

to 10 L freshly prepared LB medium containing 30 μg/ml kanamycin and 33 μg/ml 

chloramphenicol. Cell cultures were incubated with shaking (220 rpm) at 37 °C. When the 

OD600 reached 0.6 - 0.8, IPTG was added to a final concentration of 1 mM and the culture 

incubated at 16 °C for over 16 h. Cells were harvested by centrifugation at 5,000 rpm, at 4 °C 

and resuspended in lysis buffer (Appendix 3) supplemented with 0.1 mg/ml lysozyme and the 

protease inhibitors (0.5 mg/ml leupeptin, 100 mM AEBSF and 0.7 mg/ml pepstatin A). The 

resuspended cells were disrupted by sonication.  

The soluble materials were purified by Nickel affinity chromatography using a HisTrap HP 

column (GE Healthcare) pre-equilibrated with binding buffer (Appendix 3) and eluted with a 

gradient of imidazole (30 - 500 mM) in the same binding buffer. The 6 ´ His-tagged NS3h 

fusion protein was further purified by size exclusion chromatography using a Superdex 200 

HiLoad 16/60 column (GE Healthcare) equilibrated with the SEC buffer (Appendix 3). Protein 

purity was verified by SDS-PAGE. Since the NS3h183-623 construct contains six cysteine 

residues, 2 mM of the reducing agent, DTT, was added to the purification buffers. The half-

life of DTT is about 1.4 hours at pH 8.5, 20 °C, and it decreases further with increasing 

temperature (215). Bearing this in mind, DTT was added freshly in the buffers at the beginning 

of each purification step. The relatively pure fractions of target protein were collected and 

concentrated using a Vivaspinä concentrator (MWCO 30 kDa, Sartorius) at 4°C, 4,500 rpm in 

a centrifuge (Sigma). Protein concentration was determined by absorbance at 280 nm (A280) 

using a NanoDropä spectrophotometer (Thermo Scientific) based on the theoretical extinction 



 112 

coefficient of 65890 M-1cm-1 for NS3h183-623, same with NS3h171-617,  calculated by ExPASy 

ProtParam (179).  

The production and purification procedure of NS3h171-617 is similar to the NS3h183-623 construct 

with slightly different buffers adjusted based on the protein properties (buffers are given in 

Appendix 3).  

3.2.2 Crystallisation screens and optimisations 

In this study, the purified 6 ´ His-tagged NS3h183-623 fusion protein construct was used for 

crystallisation. All complex crystals were obtained by co-crystallisation or by soaking with the 

details described below. 

The crystallisation screens were performed by sitting-drop vapour-diffusion methods using 

96-well SWISSCI® MRC 2-drop crystallisation plates. 10 mg/ml NS3h183-623 protein was 

mixed with 1 mM AMPPCP, 4 mM MgCl2 in the buffer of 20 mM Tris 7.5. 0.17 M NaCl and 

2 mM DTT before setting up crystallisation. Crystallisation droplets containing 150 nl sample 

mixture and 150 nl reservoir solution were prepared by Mosquito® liquid handling instrument 

(TTP Labtech) and equilibrated against 54 µl reservoir solution at 20 °C. Crystals grew in 10 

days in the condition of 20% (w/v) polyethene glycol 3350, 0.1 M Bis-Tris propane 7.5 and 

0.2 M Tri-sodium citrate. Then, they were mounted directly from the drop before being frozen 

in liquid nitrogen. X-ray data from the crystals grown in this condition was solved to reveal 

the apo form of NS3h. 

The NS3h-pRNA9 complex was formed by mixing NS3h183-623 and pRNA9 (sequence is given 

in Appendix 6) in a 1:1 molar ratio in buffer containing 20 mM Tris pH 7.5, 170 mM NaCl, 2 

mM MgCl2, 5 mM ADP and 2 mM DTT. The protein concentration in the final complex was 

5 mg/ml. Crystals of NS3h-pRNA9 complex grew in 20% (w/v) ethylene glycol, 10% (w/v) 

polyethylene glycol 8000, 0.1 M MES/Imidazole pH 6.5, and 20 mM of each of following 

salts: sodium formate, ammonium acetate, tri-sodium citrate, sodium potassium L-tartrate and 

sodium oxamate. The NS3h-ADP complex was formed by adding 5 mM ATPgS, 5 mM MnCl2 

and 100 µM of a short hairpin RNA (RNA sequence is given in Appendix 6) into 5 mg/ml 

NS3h183-623 in a buffer of 20 mM Tris 7.5, 150 mM NaCl and 2 mM DTT. The mixture was 

incubated at room temperature for 60 min before setting up crystallisation. The NS3h-ADP 

complex crystals grew in the crystallisation condition containing 20% (w/v) ethylene glycol, 

10 % (w/v) polyethylene glycol 4000, 0.1 M MES/Imidazole pH 6.5, and 20 mM of each of 

following salts: sodium formate, ammonium acetate, tri-sodium citrate, sodium potassium L-

tartrate and sodium oxamate. Crystallisation trials for the NS3h-pRNA9 and NS3h-ADP 

complex crystals were set up in a similar way as described for the apo NS3h crystals. 
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The crystal of NS3h-ADP-BeF3
- complex was obtained by soaking the NS3h-ADP complex 

crystals in the solution containing 2 mM MnCl2, 2 mM BeCl2, 4 mM NH4F, 2 mM ADP, 20% 

(w/v) glycerol, 10% (w/v) polyethylene glycol 4000, 0.1 M MES/imidazole pH 6.5, 20 mM 

sodium formate, ammonium acetate, 20 mM trisodium citrate, and 20 mM sodium potassium 

L-tartrate. Crystals were soaked for 5 min before flash-freezing in liquid nitrogen. 

The NS3h-ADP-MgF3(H2O)- complex was pre-formed by mixing 5 mg/ml NS3h183-623 with 20 

mM ADP, 40 mM NH4F, 0.3 M MgCl2 and 2 mM TCEP. The sample mixture was incubated 

at room temperature for 30 min before setting up crystallisation trials. Micro-seeding was 

applied to obtain well-diffracting crystals and trials were set up using an Orxy8® protein 

crystallisation robot (Douglas Instruments Ltd.). The seeding stock was made using crystals 

of the NS3h-ADP complex. The crystallisation droplets containing 150 nl protein sample 

mixture, 50 nl crystal seeding stock and 100 nl reservoir solution were equilibrated against 54 

μl of reservoir solution at 20 °C. Crystals of the NS3h-ADP-MgF3(H2O)- complex were formed 

in the crystallisation reservoir containing 15% PEG3350, 0.16 M sodium citrate and 9% 

ethylene glycol. To eliminate the possibility of Al3+ contamination in the crystallisation trials, 

the NS3h-ADP-MgF3(H2O)- complex crystals were fished from the original crystallisation 

drop and soaked in a solution containing 10 mM deferoxamine (a strong Al3+ chelator), 20 

mM ADP, 40 mM NH4F, 40 mM MgCl2, 20 mM sodium citrate, 20 mM Tris pH 7.5, 150 mM 

NaCl, 10% PEG3350 and 20% glycerol. X-ray diffraction data were collected from crystals 

that grew in the original crystallisation condition and those soaked in the solution containing 

deferoxamine. The difference maps of the active site containing MgF3(H2O)- were compared 

between the X-ray datasets collected from deferoxamine treated and untreated crystals and 

showed no geometry differences.  

3.2.3 X-ray data collection, structure determination and model building 

X-ray data were collected at Diamond Light Source (Didcot), beamlines I02 and I03. X-ray 

datasets were processed with DIALS (216) for ZIKV NS3h-ADP-MgF3(H2O)- and NS3h-ADP 

complexes, and with XDS (165) for the apo NS3h, NS3h-pRNA9 and NS3h-ADP-BeF3
- 

complex structures. The structures of the NS3h-ADP-BeF3
- and NS3h-pRNA9 complexes were 

solved by molecular replacement with Phaser (167) using the structure of a Dengue virus NS3 

helicase [PDB code 2JLQ (79)] as a search template followed by automated rebuilding with 

ARP/wARP (217). The apo NS3h, NS3h-ADP-MgF3(H2O)- and NS3h-ADP complex 

structures were refined using the structure of the NS3h-ADP-BeF3
- complex as the starting 

model. All models were further improved through alternate cycles of manual rebuilding with 

Coot (170) and refinement with Refmac5 (171) using isotropic B factors for the ADP-BeF3
- 

and NS3h-pRNA9 complexes and using anisotropic B factors for the apo NS3h as well as 
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NS3h-ADP-MgF3(H2O)- and NS3h-ADP complex structures. Crystallographic calculations 

were conducted with CCP4i (218) and CCP4i2 (172). 

For ligand structure refinement, the ligand dictionaries for BeF3
- and MgF3(H2O)- were 

generated by JLigand (219) and were tuned based on previously described data (220–223). 

The defined ligand dictionary of ADP was created by Grade (224). The final ligand 

dictionaries for ADP-BeF3
- and ADP-MgF3(H2O)- were generated by LIBCHECK in CCP4i 

suite (218). The MgF3(H2O)- ligand was fitted with a defined Mg-F bond length of 1.985 Å 

and Mg-O bond length of 2.069Å, resulting in Mg-F bond lengths of 1.86 Å, 1.86 Å and 1.92 

Å and the Mg-O bond length of 2.02 Å after refinement. All figures for protein structure were 

generated in either CCP4MG (173) or Chimera (174). 

3.2.4 19F NMR spectroscopy  

In this study, fluorine-19 nuclear magnetic resonance spectroscopy (19F NMR) was adopted 

for monitoring the formation of ZIKV NS3h-ADP-BeF3
-, NS3h-ADP-AlF4

- and NS3h-ADP-

MgF3(H2O)- complexes. 

Fluorine possesses an intrinsic nuclear magnetic resonance (NMR) sensitivity almost as high 

as protons (83%) (225). A fluorine nucleus in a molecule is, on average, surrounded by nine 

electrons, rather than a single electron, as is the case with hydrogen. The range and sensitivity 

of fluorine chemical shifts to the details of the local environment are much higher than 

hydrogen. A fluorine spin typically is nearly within van der Waals contact of hydrogen nuclei 

when the fluorine is present in a biological macromolecule (226). For a fluorinated small 

molecule that binds at an active site, the electric fields, short-range contacts and hydrogen-

bonding possibilities experienced by the fluorine are different in the free versus ligand-bound 

states, and these will be reflected in a change of the chemical shift value (225). 

In addition, a 19F signal from a water-soluble molecule will experience chemical shift changes 

when the solvent is changed from water (H2O) to the deuterium oxide (D2O). By replacing 

H2O with D2O, all exchangeable protons become replaced by deuterons, leading to a slightly 

changed chemical environment which may also bear influence on the 19F H2O/D2O isotope 

shift (225). Solvent-induced hydrogen/deuterium primary isotope shifts (SIIS) are sensitive 

probes of the coordination environment of fluorine atoms. The number of H-bond donors can 

be assigned based on SIIS values of 19F NMR resonances.  

The NS3h-ADP-MgF3(H2O)- complex was formed by mixing 500 µM NS3h with 10 mM 

MgCl2, 20 mM NH4F, and 10 mM ADP or GDP in the buffer containing 20 mM Tris pH 7.5, 

300 mM NaCl and 2 mM DTT. The NS3h-ADP-MgF3
-(H2O)-ssRNA complex was formed by 



 115 

adding 0.13 mM ssRNA (RNA sequence is given in Appendix 6) into the sample in the same 

reaction condition but containing 0.1 mM NS3h. Each reaction volume was 500 µl.  

19F NMR spectra were recorded at 298 K on a Bruker Avance 500 MHz spectrometer 

(operating at 470.38 MHz for fluorine) equipped with a 5 mm QXI probe with z-axis gradients. 

Spectra recorded using 1 mM TCEP to replace DTT showed no difference. 19F NMR spectra 

were recorded in Manchester Institute of Biotechnology with the assistance from Dr. Yi Jin 

(University of Cardiff) and Dr. Matthew Cliff (University of Manchester). The solvent-

induced isotope shifts (SIIS) of the 19F resonances were measured by comparing spectra for 

samples separately prepared in buffers containing either 10% D2O or 100% D2O. SIIS is 

defined as the chemical shift difference for [δ 19F (90% H2O buffer) - δ 19F (100% D2O buffer)]. 

The 19F NMR spectra of the AlCl3 titration experiment to convert NS3h-ADP-MgF3(H2O)- 

into NS3h-ADP-AlF4
- complexes were carried out by mixing the addition of 1 mM AlCl3 and 

5 mM AlCl3 into a sample of NS3h-ADP-MgF3(H2O)- (buffer composition is the same as 

described above). Higher concentrations (greater than 5 mM) of AlCl3 cannot be achieved, 

given the severe precipitation of protein in the NMR tube caused by acidification resulting 

from AlCl3 addition. 

3.2.5 ATPase active site cavity measurement 

To investigate the differences of ATPase active site with MgF3(H2O)- bound and with MgF3
- 

bound, the active site cavity volume of ZIKV NS3h-ADP-MgF3(H2O)- and RhoA-GDP-MgF3
-

-RhoGAP complex structures were calculated and compared. RhoA is a GTPase and regulates 

phosphorylation pathways that control a range of biological functions including cytoskeleton 

formation and cell proliferation. RhoGAP, a GTPase-activating protein that stimulates Rho 

family proteins and forms a complex with RhoA during hydrolysis of GTP (227). The solvent-

exclusive surfaces of the ATP binding site of the NS3h-ADP-MgF3(H2O)- and RhoA-GDP-

MgF3
--RhoGAP (PDB code 1OW3) complexes were calculated with selected central residues 

of the ATPase active site (Table 3-1). The volume of the ATPase active site cavity for carrying 

scissile phosphate and b-phosphate was measured by Chimera (174). 

 

Table 3-1 Residues selected for analysing the ATP/GTP b- and g-phosphate binding 

pockets. 

NS3h-ADP-MgF3(H2O)– TSA complex RhoA-GDP-MgF3–-RhoGAP TSA complex 

PDB code 6S0J (this work) PDB code 1OW3 

P196.a G12.b 
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G197.a 

A198.a 

G199.a 

K200.a 

T201.a 

R202.a 

V228.a 

E231.a 

D285.a 

E286.a 

T316.a 

A317.a 

M414.a 

G415.a 

A416.a 

N417.a 

Q455.a 

R459.a 

R462.a 

D13.b 

G14.b 

A15.b 

C16.b 

G17.b 

K18.b 

T19.b 

Y34.b 

V35.b 

P36.b 

T37.b 

D59.b 

T60.b 

A61.b 

G62.b 

Q63.b 

R85.a 

a is chain A and b is chain B in both structures. NS3h-ADP-MgF3(H2O)- TSA complex 

structure (PDB code 6S0J, this work) and RhoA-GDP-MgF3
--RhoGAP TSA complex 

structure [PDB code 1OW3, (228)]. 

 

3.2.6 NADH-coupled microplate photometric assay 

The NADH-coupled microplate photometric assay was applied to investigate the ATPase 

activity of NS3h since the attempt to obtain more accurate measurements with the Malachite 

green assay was unsuccessful which was partially due to NS3h being relatively 

thermodynamically unstable (as discussed in below section 3.3.6.1). The NADH-coupled 

ATPase assay is based on quantifying the decrease in absorbance of NADH (which absorbs 

strongly at 340 nm) as it is oxidized to NAD+ (which absorbs strongly at 260 nm). It is called 

a ‘coupled assay’ because each time an ATP molecule is hydrolysed and a molecule of NADH 

is rapidly oxidized (Figure 3-1). Therefore, ATP hydrolysis and NADH oxidation are coupled 

(229). The assay makes use of the well-studied properties of the enzymes pyruvate kinase and 

lactate dehydrogenase, with the substrates ADP, phosphoenolpyruvate (PEP), and NADH. The 

reactions involved in the assay are given in Figure 3-1. 
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Figure 3-1 NADH-coupled ATPase activity assay. 

PEP indicates phosphoenolpyruvate, PK indicates pyruvate kinase, Pi indicates inorganic 

phosphate, LCH indicates L-lactate dehydrogenase, NADH indicates the reduced form of 

Nicotinamide adenine dinucleotide (NAD) and NAD+ indicates the oxidised form of NAD. 

ATP turnover by an ATPase, i.e. NS3 helicase, in this case, is linked to the oxidation of 

NADH to NAD+ to observe the time-dependent decrease in absorbance at 340 nm. 

 

To investigate whether freezing or storage influences the ATPase activity, fresh NS3h171-617 

and thawed NS3h171-617 were utilised for NADH-coupled ATPase activity measurements. 

Reactions were performed in the condition containing 25 mM HEPES pH 7.2, 70 mM KCl, 5 

mM MgCl2, 1 mM TCEP, 5 μg/ml BSA, 6 - 10 U/ml pyruvate kinase (PK), 10 - 14 U/ml Lactic 

Dehydrogenase (LDH), 1 mM PEP and 0.5 or 1 mM NADH was used, with a total reaction 

volume of 100 μl. Fresh NS3h171-617 indicates the freshly purified NS3h171-617, and thawed 

NS3h171-617 indicates the freshly purified NS3h171-617 which was flash frozen in liquid nitrogen 

and stored at - 80 °C and then defrosted. Kinetics of 200 nM fresh and thawed NS3h171-617 were 

determined by titrating different concentrations (0 to 1000 μM) of ATP in each well. For RNA 

stimulation assays, 50 nM NS3h was mixed with 5 µM 5’ phosphorylated or non-

phosphorylated ssRNA9 in the same condition as described above. Assays were performed in 

a transparent flat-bottom 96-well microplate (Costar, Corning incorporated, USA) and 

recorded at 25 °C for 30 min with 30 s interval time in a Tecan Infinite 200 Pro microplate 

spectrophotometer (Switzerland). Buffer optical density values were corrected and used to 

calculate the NADH concentration using an extinction coefficient of 6.22 mM-1 cm-1. 

A calibration curve was used to convert the NADH absorbance readings at 340 nm into moles 

of ATP based on the 1:1 coupling of NADH to the ATP consumption in the course of the 

PK/LDH assay. The path-length of the 96-well plate was measured using 0.25 mM NADH 

using a modified procedure as described previously (230). The path-length curve was given in 

Appendix 8. The absorbance data measured at 340 nm (2 - 3 min with 20 - 30 s intervals) were 

averaged and used for analysis using the Michaelis-Menten equation (231), as implemented in 

OriginPro 2017 (OriginLab, Northampton, MA).  
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Michaelis–Menten kinetics is one of the best known models for understanding enzyme kinetics. 

It is named after German biochemist Leonor Michaelis and Canadian physician Maud Menten 

(231). The velocity of an enzymatic reaction, in terms of the rate of product formation, is given 

by the Michaelis-Menten equation: 

𝑣 = 	
𝑣<Iz[𝑆]
𝐾< +	[𝑆]

 

Where 𝑣<Iz  represents the maximum rate achieved by the system (which happens at 

saturating substrate concentration), [S] - the concentration of a substrate. The value of the 

Michaelis constant 𝐾<  is numerically equal to the substrate concentration at which the 

reaction rate is half of 𝑣<Iz (232). 

3.2.7 Thermal shift assay 

Two micromolar (µM) NS3h183-623 was mixed with 2 mM MgCl2, and 1 mM, 2 mM or 5 mM 

ATP analogue (ADP, AMPPNP, AMPPCP, ATPgS, AMP, GDP or GMPPNP), respectively. 

The volume of the sample mixture was 12.5 µl. The reaction buffer contained 20 mM Tris 7.5, 

0.3 M NaCl, 2 mM DTT. 12.5 µl 2.5-fold dilution of SYPROä Orange dye (diluted from 5000-

fold original stock, Molecular Probes, Inc.) was added to each reaction. Each sample had three 

replicates. Assays were recorded by increasing temperature from 25°C to 95 °C using the 

Stratagene Mx3005P system (Agilent Technologies). Data were analysed in IBM SPSS 

Statistics software. 

3.2.8 Nano differential scanning fluorimetry (NanoDSF)  

In order to measure the thermal unfolding profiles of NS3h in the presence of nucleotide, 2 

mM ADP and ATPgS were added to 5 μM NS3h171-617 in buffer containing 25mM HEPES 7.2, 

70 mM NaCl, 1 mM TCEP and 5 mM MgCl2, respectively. The measurements were carried 

out similarly to the measurements for gp14 as described above in section 2.2.7. Thermal 

unfolding curves were plotted in OriginPro 2017 (OriginLab, Northampton, MA). Each 

sample has duplex replicates.  

3.2.9 RNA binding assays 

3.2.9.1 Electrophoretic mobility shift assay (EMSA) 

The RNA binding for NS3h was probed using Electrophoretic mobility shift assay (EMSA), 

as seen in section 3.3.6.3. In each reaction for EMSA, 25 µM pRNA9 and 0 - 10 µM ZIKV 

NS3h183-623 were mixed thoroughly in binding buffer containing 20 mM Tris 7.5, 150 mM 

MgCl2 and 2 mM DTT. Reactions were incubated at RT for 20 min. 6% (w/v) polyacrylamide 



 119 

gel (37.5:1 of acrylamide:bisacrylamide) was used for visualising results. The native gel was 

pre-run at 80 V for 40 min at 4 °C before loading the sample and was run at 80 V for 80 min 

at 4 °C and stained in 1 ´ SYBRä gold dye (diluted from 10000 ´ stock) at 4 °C for 1 h in the 

dark. The gel was imaged using the GelDoc system (Bio-Rad) and further stained to visualise 

protein using the standard Coomassie brilliant blue solution.  

3.2.9.2 Intrinsic tryptophan fluorescence quenching assay 

Since the RNA binding assay performed using EMSA was unsuccessful (discussed in section 

3.3.6.3), a relatively more sensitive approach, intrinsic tryptophan fluorescence quenching 

assay (TFQ)(233), was utilised for determining the NS3h-RNA binding equilibrium 

dissociation constant (Kd). Typically, a shift occurs from 330 nm to 350 nm in a protein 

indicating that the change of tryptophan from being entirely buried change to wholly exposed 

to water, increasing the fluorescence intensity ratio (F350/330) (175). The increased F350/330 is 

derived from the free RNA interacting with the protein near where tryptophan is located. When 

the increasing F350/330 reaches a steady state, this indicates that the RNA-bound NS3h is 

saturating. The TFQ data was monitored by Nano differential scanning fluorimetry 

(NanoDSF), and the recorded data were analysed and fitted using the Hill equation (234).  

The Hill coefficient is commonly used to estimate the number of ligand molecules that are 

required to bind to a receptor to produce a functional effect (235). The Hill equation is: 

𝑦 = 𝑦<Iz
𝑥}

𝑘} + 𝑥}
 

Where 𝑘 is the ligand concentration, at which half the receptors are ligand-bound, 𝑥 is the 

ligand concentration,	𝑦 is the effect elicited by the ligand at 𝑘, 𝑦<Iz is the maximal effect that 

can be induced by the given ligand in the given system, 𝑛  is the Hill coefficient (234). When 

𝑛 = 1, the equation can be described by Michaelis-Menten kinetics (in section 3.2.6).  

For RNA binding measurements, 5 μM NS3h171-617 was titrated with 0 μM - 250 μM pRNA9 

in a buffer containing 25 mM HEPES 7.2, 70 mM NaCl, 1 mM TCEP and 5 mM MgCl2. The 

readings for the changes in the ratio of fluorescence intensity 350/330 nm were averaged over 

1 °C range (20 - 21°C) for each tested concentration of pRNA9. Since there are no tryptophan 

or tyrosine residues located inside the RNA binding pocket, the decrease in the F350/330 ratio is 

caused by a local conformational change of the tryptophan and tyrosine residues that occur 

during pRNA9 binding, resulting in a shift in the fluorescence spectra. Each sample has six 

replicates. Data from three separate experiments were used to determine the mean and standard 

errors of the mean (SE), and these data were fitted into the Hill equation (236) to determine 

the equilibrium dissociation constant (Kd) and the Hill coefficient 𝑛 using OriginPro 2017 

(OriginLab, Northampton, MA).  
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3.3 Results  

3.3.1 Production of the Zika virus NS3h 

3.3.1.1 Solubility screening for NS3h 

Cells expressing 6 ´ His tagged NS3 helicase protein (residues 183-623, NS3h183-623) were 

disrupted by sonication using 20 different lysis buffers (Appendix 9). The solubility of this 

NS3h183-623 protein in different buffers is similar (data not shown), except for buffers at pH 4, 

where the protein primarily precipitated. In order to obtain sufficient soluble material and 

optimal buffer condition for crystallisation for the NS3h183-623 construct, the buffer containing 

20 mM Tris 7.5, 0.3 M NaCl and 2 mM DTT was chosen for large scale purification.  

3.3.1.2 Protein purification of NS3h  

 

Figure 3-2 Nickel affinity chromatography of NS3h183-623. 

Left panel: Elution profile for NS3h183-623 purification by Nickel affinity chromatography; 

right panel: the eluted fractions were resolved by SDS-PAGE. ‘M’ is the standard marker. 

‘Load’ is the sample loaded for purification. ‘FT’ indicates the flow through. Samples of 

fractions collected from the first and second peaks corresponding to the left panel, are 

highlighted on the top of the gels. 

 

The 6 ´ His-tagged NS3h183-623 protein was initially purified by Nickel affinity 

chromatography. The protein sample with relatively accurate molecular size was eluted under 

the second peak by 30 - 40% imidazole on the chromatogram and verified by SDS-

PAGE (Figure 3-2). The molecular weight of the 6 ´ His-tagged NS3h183-623 protein is 50666 

Da calculated by ExPASy ProtParam (179). The eluted fractions containing the approximately 
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expected size of the target protein were pooled together and concentrated to 1 - 5 ml volume 

for the next step purification.  

 

 

Figure 3-3 Purification of NS3h183-623 by size exclusion chromatography. 

Left panel: Size exclusion chromatogram of NS3h183-623, right panel: SDS-PAGE for 

fractions later pooled for storage. ‘M’ is the standard marker, and the size standards are 

labelled next to the gel. ‘Load’ is the sample loaded for purification. Samples of fractions 

collected from the main peak corresponding to the left panel, are highlighted on the top of 

the gel. 

 

The concentrated 6 ´ His-tagged NS3h183-623 protein was further purified by size exclusion 

chromatography. The purified NS3h183-623 protein was eluted at a column volume of 85 - 105 

ml, as seen in the elution chromatogram (Figure 3-3, left panel), corresponding to the 

molecular mass of ~ 50 kDa, suggesting that NS3h183-623 eluted as a monomer. The eluted peak 

fractions containing target protein (Figure 3-3, right panel) were pooled and concentrated to ~ 

55 mg/ml. The purification yielded ~ 110 mg of NS3h183-623 from 10 L cell cultures. Since the 

NS3 helicase protein was not particularly stable at room temperature, exhibiting slow 

precipitation, it was frozen in liquid nitrogen and stored in small 25 µl aliquots at - 80 °C for 

subsequent experiments. 
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Figure 3-4 NS3h171-617 purification by nickel affinity chromatography. 

Left panel: Nickel affinity chromatogram of NS3h171-617, right panel: analysis of eluted 

fractions by SDS-PAGE. ‘M’ is the standard marker. ‘Load’ is the sample loaded for 

purification. ‘FT’ indicates the flow through, ‘unbound’ indicates the lane containing 

unbound fractions. Samples of the fractions collected from the main peak referring to the 

left panel chromatogram, are highlighted on the top of the gel. 

 

 

Figure 3-5 NS3h171-617 purification by size exclusion chromatography. 

Left panel: Size exclusion chromatogram for NS3h171-617, right panel: SDS-PAGE for 

pooled fractions. ‘M’ is the standard marker, and the size standards are labelled next to the 

gel. ‘Load’ is the sample loaded for purification. Samples of the fractions collected from 

the main peak are highlighted on the top of the gel. 

 

The 6 ´ His tagged 6 ´ His tagged NS3 helicase protein (residues 171-617, NS3h171-617) was 

purified similarly to the construct for NS3h183-623. The eluted fractions from the HisTrap HP 

column (GE Healthcare) containing approximately bands of ~ 50 kDa were collected (Figure 

3-4). The concentrated target protein was further purified by size exclusion chromatography. 

As expected, the NS3h171-617 protein was eluted as a monomer (Figure 3-5), similar to the 

NS3h183-623 construct. Pure protein fractions were pooled and concentrated to ~ 5.9 mg/ml (~ 

2.5 ml) from 2 L cell culture. Fresh protein was used for conducting the following biochemical 
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characterisations, and the rest of the protein sample was flash frozen using liquid nitrogen and 

stored at - 80 °C.  

3.3.2 Crystallography 

 
Figure 3-6 Crystals and X-ray diffraction images of the ZIKV NS3h. 

a, c, e, g, i and k show crystals vitrified in nylon loops; b, d, f h, j and l are diffraction 

images. 

 

The purified NS3h183-623 protein was utilised to screen for suitable crystallisation conditions. 

In total, about 200 crystallisation trials were set up to identify conditions that produced X-ray 

quality crystals. The well-diffracting crystals of native NS3h, and complexes with pRNA9, 

ADP, ATPgS, ADP-BeF3
- and ADP-MgF3(H2O)- were obtained and applied for further 

crystallographic studies. The ADP is the product of ATP hydrolysis, the ATPgS and ADP-

BeF3
- are the substrate (ATP) mimics and the ADP-MgF3(H2O)- is the transition state mimic 

of ATP, as discussed in section 3.3.3.3 below. The complex crystals of NS3h-pRNA9, NS3h-

ADP-BeF3
- and NS3h-ADP were obtained by co-crystallisation, NS3h-ADP-MgF3(H2O)- 

crystals were obtained by micro-seeding and the crystals of NS3h-ATPgS and NS3h-ADP-
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BeF3
- were produced by soaking (see details in section 3.2.2). Crystals of the native NS3h 

formed within ~ 10 days and crystals of NS3h complexes grew within 2 days. Most crystals 

grew as big thin plates, and the apo form NS3h crystals had a cubic shape (Figure 3-6).  

For NS3h-ADP-MgF3(H2O)- complex, before micro-seeding, the complex crystals were too 

tiny to mount and gain useful diffracting data (Figure 3-7, left panel). Following micro-seeding, 

crystals grew as large thin plates which exhibited good diffraction quality (Figure 3-7, right 

panel).  

 

 

Figure 3-7 Crystals of the ZIKV NS3h-ADP-MgF3(H2O)- complex obtained by micro-

seeding. 

Left panel: crystals of NS3h-ADP-MgF3(H2O)- complex grew from initial crystallisation 

screen; right panel: complex crystals of NS3h-ADP-MgF3(H2O)- formed after micro-

seeding. 

 

Table 3-2 Statistics table of data collection and refinement. 

 apo 
NS3h 

NS3h-
pRNA9 

NS3h-
ATPgS 

NS3h-
ADP 

NS3h-
ADP-
BeF3- 

NS3h-ADP-
MgF3(H2O)- 

PDB code - 5MFX - - 6RWZ 6S0J 

Data collection        

Space group P1 P21 P21 P21 P21 P21 

Cell dimensions       

   a, b, c (Å) 
44.28, 
48.47, 
57.90 

52.36, 
73.04, 
58.70 

53.33,69.22, 
57.80 

53.28, 
69.27, 
57.72   

52.92, 
71.36, 
57.35 

52.94, 
69.60, 57.75 
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Resolution (Å) 43.26 - 
1.42 

45.69 - 
1.60 69.22 - 1.40 69.27 – 

1.58 
57.23 - 
1.70  69.58 - 1.50  

Rmeas a 0.048 
(0.955) 

0.049 
(0.928) 

0.061 
(1.713) 

0.074 
(0.844) 

0.065 
(1.508) 

0.055 
(1.149) 

I/σ (I) b 10.37 
(1.04) 

14.95 
(1.46) 11.0 (0.9) 8.4 (1.0) 13.1 (1.0) 10.1 (1.2) 

CC (1/2)  0.998  
(0.544) 

0.999 
(0.484) 

0.999 
(0.372) 

0.997 
(0.562) 

0.999 
(0.444) 

0.998 
(0.419) 

Completeness 
(%) c 

86.2 
(86.9) 98.8 (96.2) 99.9 (99.9) 99.4 

(91.5) 
99.4 
(94.3) 99.7 (99.0) 

Multiplicity 1.9 (1.9) 3.0 (2.9) 4.0 (4.0) 3.0 (2.6) 4.1 (4.0) 2.9 (2.9) 

Refinement    
 
 
 
 
 

   

Resolution (Å) 43.26 - 
1.42 

45.69 - 
1.60 57.65 - 1.40 57.50 - 

1.55 
57.23 - 
1.70 57.65 - 1.50 

No. reflections 66505 57734 82349 56746 44518 63340 

Rwork / Rfree 18.73 / 
22.09 

16.19 / 
19.14 

0.151/ 
0.192 

0.144 / 
0.194 

0.167/ 
0.206 

0.145 / 
0.189 

No. atoms       

   Protein 3214 3357 3420 3416 3478 3439 

   RNA - 92 - - - - 

   Ligand/ion 1 17 32 29 32 33 

   Water 187 387 430 391 353 463 

Mean B factors 
(Å2) d       

   Protein 30.85 26.56 23.1 27.0 33.6 28.3 

   RNA - 23.84 - -   

   Ligand/ion 19.99 41.92 41.6 32.6 34.6 31.4 

   Water 32.67 36.76 37.2 39.4 41.7 43.6 
R.M.S. 
deviations 
 

      

Bond length (Å) 0.025 0.012 0.011 0.010 0.013 0.010 

Bond angle (°) 2.2 1.5 1.7 1.4 1.5 1.6 
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a. Rmeas: 	∑ 𝑛/01 ∑ |𝐼C(ℎ𝑘𝑙) −	〈𝐼(ℎ𝑘𝑙)〉|C ∑ (𝑛 − 1)∑ 𝐼C(ℎ𝑘𝑙)C/01⁄ , where 𝑛 is a number of 

the symmetry equivalent contributors to the average; b. I/σI: Signal to noise ratio for 

merged intensities. c. Completeness for unique reflections, highest resolution shells in 

brackets. d. B factor (temperature factors) averaged for atoms of protein, ligand/ion and 

water, respectively. *Values of highest resolution shell in brackets. Structure deposited in 

the public domain are indicated by PDB codes in the table, while the structures not 

available in the PDB database are indicated as ‘-’ in the table. 
  

Crystal structures of the NS3h complexes were determined at 1.50 - 1.70 Å resolution using 

crystals belonging to the P21 space group (Table 3-2), and the apo crystal structure was 

determined at 1.42 Å resolution in the P1 space group. All the crystals contained a single NS3h 

molecule per asymmetric unit. The apo NS3h crystallised in the P1 space group (Table 3-2), 

unlike several other structures of the apo NS3h which were previously determined in P21 space 

group (237–239). These observations suggest that the apo NS3h exhibits more flexibility than 

NS3h complexes bound with ATP analogues. 

3.3.3 Structure determination of ZIKV NS3h 

 
Figure 3-8 Overall structure of ZIKV NS3h. 

a. Structure of the ZIKV NS3h complex with ADP. Domains 1-3 are coloured in forest 

green, light sea green and orange, respectively. The motifs I - VI are coloured differently 

and are designated on the figure. b. Molecular surface coloured according to the 

electrostatics potential for the NS3h-pRNA9 complex structure. NS3h structure was 

assigned charges using the SWANSON force field (192), and the electrostatics surface 

potential of the NS3h was computed with APBS (193) in Chimera (174). Protein surface 

coloured according to the electrostatics potential (red, negative to blue, positive, ± 5 kT/e), 

and RNA shown as sticks in yellow.  The yellow dashed circle indicates the potential RNA 

binding region of domain 1. 
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ZIKV NS3h (residues 183-617) comprises three domains, the two RecA-like core containing 

domains 1 (residues 183-324) and domain 2 (residues 325 - 480) as well as C-terminal domain 

3 (residues 481-617) (Figure 3-8a). The NTP-binding cleft lies in between domains 1 and 2, 

and the RNA binding groove locates in the centre amongst the three domains (Figure 3-8). 

Domain 1 consists of a six-stranded β-sheet flanked by four α-helices, while domain 2 contains 

eight β-strands, including an anti-parallel β-strand (Figure 3-8a). Six of eight β-strands are 

located in the core of domain 2 and are flanked by five α-helices, while the β-hairpin, protrudes 

out towards domain 3 from domain 2 (Figure 3-8a). NS3h contains the conserved I - VI 

helicase motifs (Figure 3-8a), based on previously defined conserved helicases motifs (69). 

The RNA binding tunnel is constructed by motifs Ia, Ib and Ic of domain 1, and motifs IV, 

IVa and V of domain 2, as well as segments of domain 3 (Figure 3-8a). The NTP-binding 

pocket is formed by the helicase motifs I (P loop Walker A motif), II (DEAH motif) and VI 

(Figure 3-8a). The electrostatics surface potential of NS3h demonstrates that the RNA binding 

and NTP binding cleft are largely positively charged, suggesting that these regions are able to 

bind nucleic acid or nucleotide (Figure 3-8b). On top of that, a positively charged region lies 

on domain 1 (Figure 3-8b), indicating that this region may interact with nucleic acid. 

 

Figure 3-9 Comparisons of the b-hairpin of the ZIKV NS3h with equivalent 

structural elements found in the SF1 and SF2 helicases. 
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a. ZIKV NS3h (SF2, PDB code 5MFX, this work), b-hairpin is coloured in blue; b. 

HCV NS3h [SF2, PDB code 3O8C, (240)], b-hairpin is coloured in hot pink; c. Hel308 

[SF2, PDB code 2P6R, (241)], b-hairpin is in magenta; d. Prp43 [SF2, PDB code 5LTJ, 

(107)], b-hairpin is in brown; e. PcrA [SF1, PDB code 3PJR, (78)]; f. Vasa [SF2, 

PDB code 2DB3, (97)]. Ribbon diagrams are shown with domain 1 in forest green, domain 

2 in light sea green and C-terminal region in grey. 

 

 
Figure 3-10 Structure based sequence alignment of Flavivirus NS3hs. 

Alignment was performed for seven NS3 helicases (NS3hs) present in Zika virus [ZIKV, 

PDB code 5MFX, this work], Dengue virus 4 [DENV4, PDB code 2JLQ, (79)], Yellow 

Fever virus [YFV, PDB code 1YKS, (242)], Murray Valley encephalitis virus [MVEV, 

PDB code 2WV9, (243)], Kunjin virus [KUNV, PDB code 2QEQ, (244)], Japanese 

encephalitis virus [JEV, PDB code 2Z83, (245)] and Hepatitis C virus [HCV, PDB code 

3O8C, (240)]. The conserved motifs I - VI are labelled accordingly on the figure. 

 

The amino acid b-hairpin conserved amongst Flaviviridae family NS3hs (Figure 3-9 and 3-

10) does not correspond to the previously identified SF2 helicase motifs (69), but is present in 
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3’ ® 5’ SF2 family helicases (95). The structural conservation indicates that this amino acid 

hairpin is expected to play a crucial role in unwinding (Appendix 10), though it lacks sequence 

conservation among SF2 family helicases (Figure 3-9). Domains 1 and 2 of SF2 family 

helicases shared conserved RecA-like core as well as the conserved helicase motifs, as 

discussed in sections 1.3.4 and 1.3.5, while several SF2 helicases, such as DEAD-box Vasa 

helicase, lack a b-hairpin that may function as a wedge in nucleic acid unwinding (Figure 3-

9f, Appendix 10) (95, 246), indicating these helicases may use different unwinding 

mechanisms from other SF2 helicases, including NS3h. 

 

Figure 3-11 Structural comparison of domain 3 of Flavivirus and HCV NS3hs. 

a. Overlay of domain 3 of Flavivirus NS3hs; b. Overlay of domain 3 of ZIKV and HCV 

NS3hs. Domain 3 from Flavivirus NS3hs were superimposed using domain 1 as the 

reference (domain 1 is not shown in the figure); c. Comparison of structurally relevant a-

helices of Flavivirus NS3hs (left) and HCV NS3h (right). The conserved aspartate and 

arginine/lysine and W501 (in HCV NS3h) that is thought to act as a ratchet for DNA 

translocation, are shown as sticks. ZIKV NS3h (PDB code 5MFX, this work) is in blue, 

DENV4 NS3h [PDB code 2JLQ, (79)] is in pink, YFV NS3h [PDB code 1YKS, (242)] is 

in coral, MVEV NS3h [PDB code 2WV9, (243)] is in grey, KUNV NS3h [PDB code 
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2QEQ, (244)] is in dark green, JEV NS3h [PDB code 2Z83, (245)] is in yellow, and HCV 

NS3h [PDB code 3O8C, (240)] is in dark pink. 

 

Interestingly, domain 3 of the Flavivirus NS3 helicase (residues 481 to 617 in ZIKV NS3h) is 

predominantly formed by four α-helices (Figure 3-11a). The sequences of domain 3 are 

conserved among Flavivirus NS3hs (Figure 3-10). However, domain 3 of ZIKV NS3h is 

significantly different from HCV NS3h (Figure 3-11b), suggesting this domain 3 in 

ZIKV NS3h may be functionally different from HCV NS3h. Moreover, there is no so-called 

‘ratchet’ tryptophan (or an aromatic residue) observed in the domain 3 of all Flavivirus NS3hs 

(Figure 3-11c and Appendix 11), while it is present in the HCV NS3h and some other SF2 

helicases for preventing RNA or DNA backsliding during nucleic acid translocation and 

unwinding (109, 241), as discussed in section 1.3.6. In addition, there is no ‘ratchet’ 

subdomain essentially present in DEAH-box family helicases observed in Flavivirus NS3hs 

(as described in section 1.3.5). Domain 3 of NS3h is smaller and structurally simpler, resulting 

in a shorter RNA binding tunnel (Figure 3-9a - 3-9d, Appendix 11), compared to other SF2 

family helicases (108), suggesting that the NS3h is likely utilising a different RNA 

translocation strategy from these SF2 helicases and may require a ‘helper’ protein for RNA 

unwinding. 

3.3.3.1 Crystal structure of NS3h-pRNA9 complex 

 
Figure 3-12 Hydrogen bonding interactions of ZIKV NS3h with pRNA9. 

Hydrogen bonds (less than 3.5 Å) are displayed with dashed lines, protein residues of 

Domain 1 - 3 are in forest green, light sea green and orange, respectively. Atoms are 

coloured as follow: oxygen, red; nitrogen, blue; carbon, gold; and phosphorus, coral.  
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The crystal structure of the ZIKV NS3h in complex with pRNA9 was determined at 1.60 Å 

resolution (Table 3-2). In common with previously published structures of NS3h-ssRNA 

complexes (79, 247), most interactions between RNA and protein in the ZIKV NS3h-pRNA9 

are water-mediated (Figure 3-12). P432 and L442 in the b-hairpin stack with the 5' adenine of 

RNA via hydrophobic interactions (Figure 3-12). The RNA is stabilised by multiple direct or 

water-mediated hydrogen-bonding interactions with the protein (Figure 3-12). Significantly, 

most (10 of 13) direct H-bonds are observed for the phosphodiester backbone and ribose 2' 

hydroxyl group of RNA (Figure 3-12), suggesting the non-sequence specific binding of RNA 

to NS3h, as required for unwinding processivity. D291 of motif II stabilises the guanine of G2 

(Figure 3-12). Three residues, T409, D410 and I441, from helicase motif V interacts with 

RNA via either direct or water-mediated H-bonds (Figure 3-12), demonstrating that this motif 

V is inherently involved in RNA binding, like other NS3hs (112). Moreover, the carboxylic 

sidechain of D410 is H-bonded to the 2’ hydroxyl of A1 nucleotide (Figure 3-12). In contrast, 

this conserved aspartate (equivalent to D412 in HCV NS3h) does not interact with DNA (109), 

suggesting that ZIKV NS3h binds preferentially to RNA rather than DNA. 

The pRNA9 used in this study was designed to have a 5’ phosphate group, representing a 

complete section of the unwound strand of the natural substrate (Figure 3-12 and 3-13). The 

protein structures in the ZIKV NS3h-pRNA9 (this work) and ZIKV NS3h-ssRNA complexes 

[PDB code 5GJB, (247)] are well superimposable (Figure 3-13a), with the root-mean-square 

deviation (RMSD) calculated for main-chain atoms (residues 183 - 617) of only 0.4 Å. 

However, the 5’ phosphate group induces notable remodelling of hydrogen bonding 

interactions between the protein and pRNA9 (Figure 3-13c - 3-13f), while not significantly 

altering the overall position of bound RNA (Figure 3-13a and 3-13b). The remodelled 

hydrogen bonding network indicates the enhanced RNA binding is consistent with the 

approximately 2-fold increase in affinity of RNA binding observed for a 5’ phosphate 

containing ssRNA in the case of DENV NS3 helicase (248). Importantly, D602 in domain 3 

contributes to water-mediated hydrogen-bonding interactions with the 5’ phosphate group and 

the A1 base (Figure 3-13c). Conversely, D602 does not participate in RNA binding in the 

absence of the 5’ phosphate (Figure 3-13e). Likewise, main chain oxygen of R598 is hydrogen 

bonding to the A1 base through a water molecule only in the presence of 5’ phosphate (Figure 

3-13c and 3-13e).  

Additionally, differences in protein-RNA interactions are observed for the third, fourth and 

fifth nucleotides (Figure 3-13c - 3-13f). K537 does not interact with the pRNA9, whereas, in 

the NS3h-ssRNA structure, its sidechain amino group forms an H-bond with the ribose 

hydroxyl of the fifth nucleotide (Figure 3-13d and 3-13f). The main chains of K537 and M536 

interact with the fourth nucleotide of RNA via water-mediated interactions in the presence of 
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5’ phosphate (Figure 3-13d), on the contrary, these two residues interact with the fifth 

nucleotide in the absence of the 5’ phosphate (Figure 3-13f). Moreover, the carboxylic 

sidechain of D540 is hydrogen bonded to the exocyclic amino group of the A3 base of the 

pRNA9 (Figure 3-13d). However, this aspartate makes a water-mediated interaction with the 

base of the fourth nucleotide in the absence of the 5’ phosphate group, and its main chain 

oxygen is hydrogen bonded to the A3 base through a mediating water molecule (Figure 3-13f). 

The sidechain of K431, a residue in the b-hairpin, is partially disordered in the presence of the 

5’ phosphate (Figure 3-13d), whereas it interacts with the A1 base in the absence of the 5’ 

phosphate (Figure 3-13f). 
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Figure 3-13 Comparison of protein-RNA interactions in the presence and absence of 

the 5’ phosphate of ssRNA. 

a. Superposition of ZIKV NS3h-pRNA9 and ZIKV NS3h-ssRNA structures; b. Overlay of 

the pRNA9 and ssRNA with four nucleotides shown in the figure panel; c. Hydrogen 

bonding network for the A1 nucleotide in the ZIKV NS3h-pRNA9 structure; d. Key 

hydrogen bonding interactions for the RNA in the structure of the NS3h-pRNA9 complex; 

e. Hydrogen bonding network between protein residues and A1 nucleotide in the NS3h-

ssRNA structure; f. Key hydrogen bonding interactions formed with RNA in the structure 

of the NS3h-pRNA9 complex. H-bonds (less than 3.5 Å) are displayed as dashed lines. 

Structures used are ZIKV NS3h-pRNA9 and ZIKV NS3h-ssRNA [PDB code 5GJB, (247)]; 

Protein residues are coloured in forest green, light sea green and orange according to 

domains 1-3, respectively. Atoms are coloured as follow: oxygen, red; nitrogen, blue; 

carbon, gold; and phosphorus, coral. 
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Figure 3-14 Domain rotations of NS3h helicases induced by RNA binding. 

a. Overlay of the structures of the ZIKV NS3h-pRNA9 complex (gold, PDB code 5MFX, 

this work) and its apo form [blue, PDB code 5JMT, (239)]. The crystal structures of ZIKV 

NS3h were determined in P21 space group; b. Overlay of the structures of the 

DENV NS3h-ssRNA complex [dark red, PDB code 2JLU, (79)) with its apo form [grey, 

PDB code 2JLQ, (79)]. The crystal structures of the apo form of 

DENV NS3h were determined in P21 space group, and the DENV NS3h-RNA crystals 

were in the C2 space group; c. Overlay of the structures of HCV NS3h-ssRNA complex 

[brown, PDB code 3O8C, (240)] with its apo form [cyan, PDB code 3O8B, (240)]. The 

crystal structures of HCV NS3h were determined in P21 space group. 

 

To further investigate the conformational changes induced by RNA binding, rigid domain 

rotations were analysed based on comparison of the ZIKV NS3h-pRNA9 and apo structures. 

Upon RNA binding, the domain 2 rotates ~ 8.9° towards domain 1, and domain 3 rotates 9.9° 

away from domains 1 and 2. Consequently, these domain rotations result in a more open RNA 

binding cleft and closing of the ATP binding cleft between domains 1 and 2 (Figure 3-14a). 

Similarly, as a result of RNA binding, the domain 2 of DENV NS3h turns 10.9° closer to 

domain 1, and the domain 3 rotates away from the domain 1 by 9.4° compared with its apo 

form structures (Figure 3-14b). In contrast, the comparison based on HCV NS3h structures 

shows that domain 2 rotates 6.8° closer to domain 1 upon RNA binding (Figure 3-14c), domain 

3 of HCV NS3h moves slightly away from domain 1 by rotating 1.6° (Figure 3-14c). It is 

possible that the observed differences in conformational adjustments induced by RNA binding 

amongst ZIKV, DENV and HCV NS3 helicases are probably due to either structural 

divergence in domain 3 (Figure 3-11) or differences in crystal packaging. 
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3.3.3.2 Crystal structure of NS3h complex with ADP 

 
Figure 3-15 Crystal structure of ZIKV NS3h-ADP complex. 

a. Structure of the ZIKV NS3h in complex with ADP. Left panel: ZIKV NS3h with ADP 

bound at the ATP binding pocket between the RecA-like domains 1 and 2. Right panel: 

Omit map (mFo-DFc) for ADP, Mn2+ and coordinated water molecules, contoured at 4s 

by CCP4MG (173). b. Structural details of the ADP b-phosphate coordination (this work); 

c. Same as b but for the NS3h-AMPPNP complex [PDB code 5Y4Z, (249)]. 

  

Extensive attempts to co-crystallise the ZIKV NS3h183-623 protein with both ATPgS and a 

partially duplexed hairpin RNA (Appendix 12), unexpectedly, resulted in crystals containing 

clearly defined electron density of an ADP moiety in the ATP binding pocket with no evidence 

of bound RNA (Figure 3-15a, left panel). The resulting structure of the NS3h-ADP complex 

was determined at 1.58 Å resolution (Table 3-2). The presence of ADP, rather than the 

expected ATPgS, was unambiguously defined by the omit electron density map (Figure 3-15a, 

right panel). The ADP moiety is stabilised by the phosphate binding loop (helicase motif I) of 

domain 1 and the R462 from domain 2 (Figure 3-15a, right panel), with no density for the g-
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phosphate. The catalytic manganese ion is in octahedral coordination with ADP, T201, E286 

and three water molecules (Figure 3-15a, right panel). 

Details of the ATP binding site for the structures of ZIKV NS3h in complex with ADP (this 

work) and AMPPNP [PDB code 5Y4Z, (249)] were compared, to understand the basal (nucleic 

acid free) ATP hydrolysis cycle of NS3h. Notably, R459 (motif VI) donates an H-bond to the 

g-phosphate in the NS3h-AMPPNP complex, whereas it is making an H-bond to a water 

molecule in the NS3h-ADP complex (Figure 3-15b and 3-15c). The sidechain of Q455 makes 

two water-mediated H-bonds with the g-phosphate of AMPPNP, while it interacts with E286 

and R459 when the g-phosphate is cleaved and released (Figure 3-15b and 3-15c). The 

observed significant reduction in interactions with the nucleotide, resulting from the g-

phosphate release (Figure 3-15b and 3-15c), demonstrates structural events that result in the 

reduction of the binding affinity of nucleotide upon g-phosphate dissociation.  

Compared with the apo form, the structure of the ZIKV NS3h in complex with ATP or ADP 

reveals slight conformational changes (Figure 3-16). Upon binding ATP, domain 2 rotates 

about 3.1° towards domain 1 as a rigid body around axis A, and domain 3 moves 2.8° away 

from domain 1 rotating around axis B (Figure 3-16, left panel). After g-phosphate of ATP 

release, domain 2 moves apart from domain 1 by undergoing 0.7° rotation around axis A, and 

domain 3 rotates 1.8° around axis B, bringing it closer to domain 1 (Figure 3-16, middle panel). 

Upon releasing ADP, domain 2 rotates 2.4° around axis A moving away from domain 1, and 

domain 3 rotates 1.5° around axis B bringing it closer to domain 1 (Figure 3-16, right panel). 

Motions between domains 1 and 2 lead to a closure of the ATP binding cleft, while no 

significant differences between ATP bound and ADP bound NS3h complexes were 

observed. As ADP-AlF4 binding results in significant domain adjustments in the HCV NS3h 

(Appendix 13), the vastly smaller domain adjustments observed for the ZIKV NS3h may be 

the result of the restraint imposed by the crystal packing. 
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Figure 3-16 ATP hydrolysis induced conformational changes of ZIKV NS3h. 

Left: Superimposition of the ZIKV NS3h-ATP complex structure [light blue, PDB code 

5GJC, (247)] with the apo form [blue, PDB code 5JMT, (239)]. Middle: Superposition of 

the ZIKV NS3h-ADP (pink, this work) and ZIKV NS3h-ATP complexes [light blue, PDB 

code 5GJC, (247)]. Right: Superposition of the ZIKV NS3h-ADP complex structure (pink, 

this work) with the apo form [blue, PDB code 5JMT(239)].  

 

3.3.3.3 NS3h-ADP-BeF3- and NS3h-ADP-MgF3(H2O)- complexes structures  

 

Figure 3-17 Omit maps (mFo-DFc) for ADP-BeF3
- and ADP-MgF3(H2O)- structures. 

a. Omit maps (mFo-DFc) for ADP-BeF3
-, b. Omit maps (mFo-DFc) for ADP-MgF3(H2O)-. 

Omit maps (mFo-DFc) are in blue meshes and were contoured at 4σ. W1 indicates the 

nucleophilic water. ADP carbon atoms are in yellow, and protein residues are in white. 

Beryllium is in lime green, and magnesium is in green and fluorine in light blue. Atoms 

are coloured as follows: oxygen, red; phosphorus, coral; nitrogen, blue. 

 

The structure of the ZIKV NS3h ground state analogue (GSA) complex with ADP 

trifluoroberyllate was determined at 1.70 Å resolution (Table 3-2). The crystal of NS3h-ADP-

BeF3
- GSA complex was obtained by soaking Be2+ and F- into the NS3h-ADP crystals to 

capture the pre-hydrolytic conformation of ADP with tetrahedral BeF3
- (Figure 3-17a) (see 

details in Method and materials section 3.2.2). In this structure, oxygen of the hydrolytic water 

molecule (W1) is 3.7 Å from Be2+, donating an anti-catalytic H-bond to F1
 (3.1 Å) and a second 

H-bond (2.8 Å) to the sidechain C=O of Q455 to give a near attack conformation (NAC) 

(Figure 3-17a). The observed H-bonds are somewhat longer than those seen in ssDNA-bound 

NS3h-ADP-BeF3
- complex for HCV, at 3.5 Å (PDB codes 3KQU and 3KQN) to Be2+, and 2.7 

Å (PDB code 3KQU) or 2.8 Å (PDB code 3KQN) to the glutamine (109).  
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Figure 3-18 ATPase active site of NS3h-ADP-BeF3
- and NS3h-ADP-MgF3(H2O)- 

complexes. 

a. ADP-BeF3
-. b. ADP-MgF3(H2O)-. Carbon atoms of protein are in white and of carbons 

of ADP are in yellow. Beryllium is in lime green, and magnesium is in green and fluorine 

is in light blue. Metal coordination is displayed as purple dashes, and H-bonds (less than 

3.4 Å) are displayed as black dashes. 

 

The ZIKV NS3h-ADP-MgF3(H2O)- transition state analogue (TSA) was obtained by 

crystallising NS3h in the presence of 20 mM ADP, 150 mM Mg2+ and 20 mM F-, and is the 

first high resolution structure for the Zika virus NS3h in complex with magnesium trifluoride, 

determined at 1.50 Å resolution (Table 3-2). Unexpectedly, the trifluoromagnesate moiety has 

octahedral geometry, in contrast to the generally observed trigonal bipyramidal (tbp) geometry. 

This structure has clearly defined density for the six coordinate Mg2+ in the transition state 

analogue (TSA) complex (Figure 3-17b). A square planar species located between b-

phosphate of ADP and the hydrolytic oxygen of W1 is unambiguously defined in the omit 

electron density maps (Figure 3-17b). In addition, this TSA complex positions E286 of NS3h 

as a general base to activate the nucleophilic water by switching its interaction from the 

catalytic metal in the GSA complex structure (Figure 3-17a and 3-18a) to the nucleophilic 

water in the TSA complex structure (Figure 3-17b and 3-18b), similar to the conserved 

glutamate of DExx motif in other ATPases (74, 250–252).  

3.3.4 Examination of the ADP-MgF3(H2O)- TSA structure 

The arrangement of this square planar moiety of MgF3(H2O)- is similar to the AlF4
- seen in the 

structure of a closely related homologue, HCV NS3h with ADP-AlF4
- (PDB codes 3KQL and 

5E4F) (109, 253). The observed octahedral moiety with a central magnesium atom is 
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unexpected, since all 24 PDB entries of trifluoromagnesate bound complexes have five 

coordinate MgF3
- (Appendix 14) and are identified as isosteric transition state analogues for 

phosphoryl group transfer (211, 228, 254). To eliminate the potential contamination by AlF4
-, 

deferoxamine, a strong aluminium chelator, was added to the crystallisation solution, as 

detailed in section 3.2.2, following a procedure described previously (255). The electron 

density map of this MgF3(H2O)- species was not changed at all (data not shown), despite the 

crystal of the complex being soaked overnight with 10 mM deferoxamine. 

 

Figure 3-19 Examination of ADP-MgF3(H2O)- structure. 

Omit map (mFo-DFc) of MgF3(H2O)- is in lawn green mesh and was contoured at 8 σ. 
 

Examination of the omit map of this unusual complex shows weaker electron density at the 

position closest to R459 (Figure 3-19), suggesting that the atom at this position is oxygen 

rather than fluorine. After fitting a water molecule (H2O) into this position and fluorines in the 

other three equatorial positions, the Mg-F bond lengths refine to 1.88 Å and the Mg-OH2 bond 

length to 2.02 Å. The bond lengths fall into the range of bond lengths expected for a six-

coordinated magnesium (223), while the axial W1-Mg-O3B angle of ADP-MgF3(H2O)- is 

175.6º and the distances from Mg2+ to W1 and the β-phosphate O3B are 1.96 Å and 2.10 Å, 

respectively (Figure 3-20). Therefore, the MgF3(H2O)– is, by far, a new transition state mimic 

for the PO3
– group, based on the dominant first-sphere coordination number of six for Mg2+ 

(256). The net negative charge of MgF3(H2O)- makes it a more fitting TSA than either MgF4
2- 

or MgF3(OH)2-, and supports the ‘priority of charge over geometry’ concept for TSA 

complexes observed for phosphoryl transfer enzymes (255, 257).  
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Figure 3-20 Structure of ADP-MgF3(H2O)-. 

Key bond lengths and angle were indicated on the figure. Protein and ADP carbon atoms 

are in grey. Magnesium is in green and fluorine in light blue. The hydrolytic water W1 is 

in magenta. 

 

To provide independent validation of the MgF3(H2O)- moiety, further examinations of the 

NS3h-ADP-MgF3(H2O)- complex was performed using Fluorine-19 nuclear magnetic 

resonance spectroscopy (19F NMR), detailed in section 3.2.4. 19F NMR complements structural 

data with careful analysis of metal coordination. As expected, the solution spectra showed 

three 19F resonances present in 1:1:1 ratio (Figure 3-21), establishing that the magnesium 

fluoride moiety has only three fluorines. The three fluorines were assigned using solvent 

induced isotope shift (SIIS) values (Table 3-3), due to the SIIS value accurately reflecting the 

number and orientation of H-bond donors around each fluorine (258), see details described in 

section 3.2.4. In the NS3h-ADP-MgF3(H2O)- complex, the F1 (-175.2 ppm, SIIS 0.15 ppm, 

Table 3-3) is the most shielded ion with weak H-bonding interaction along with its 

coordination by magnesium. F2 (-153.4 ppm; SIIS 1.44 ppm, Table 3-3, and Figure 3-21) is 

H-bonded to the sidechain amino group of K200 and to a water molecule that is H-bonded to 

E286. F3 is the most deshielded fluorine (-146.1 ppm; SIIS 1.38 ppm, Table 3-3) with two H-

bonds from the R459 and R462 guanidinium groups. These two arginine residues have been 

observed to neutralize the negative charge developed on the γ-phosphate during ATP 

hydrolysis (Figure 3-18), acting like a ‘trans-arginine finger’ (259). Replacing ADP by GDP 

did not alter the 19F spectra, demonstrating the absence of strict nucleotide specificity of NS3h 

(Figure 3-21). 
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Figure 3-21 19F NMR spectra of ZIKV NS3h-ADP-MgF3(H2O)- and NS3h-GDP-

MgF3(H2O)- TSA complexes. 

a. NS3h-MgGDP-MgF3(H2O)- TSA in 90% H2O buffer (F3
 = -146.1, F2

 = -153.4, F1
 = -

175.2 ppm). b. NS3h-ADP-MgF3(H2O)- TSA in 90% H2O buffer (F3
 = -146.1, F2

 = -153.4, 

F1
 = -175.2 ppm). 

 

Since octahedral coordinate AlF4
- has been found to form a more stable complex than MgF3

- 

for many phosphoryl transfer enzymes, having a much lower dissociation constant (211, 212, 

255, 257, 260, 261), in order to investigate active site affinity of this unexplored MgF3(H2O)- 

complex relative to AlF4
-, a competition experiment was performed. Addition of 1 mM AlCl3 

to a sample of preformed NS3h-ADP-MgF3(H2O)- complex in the presence of 10 mM MgCl2, 

resulted in a 5% decrease of the three 19F resonances and the rise of a small rotationally 

averaged peak at -152.1 ppm, showing 5% of the active site switched from MgF3(H2O)- to 

tetrafluoroaluminate (Figure 3-22a and 3-22b). The rotationally averaged peak is AlF4
- 

associated. Addition of AlCl3 to 5 mM final concentration, gives a conversion of MgF3(H2O)- 

to AlF4
- of only 50% (Figure 3-22a and 3-22c). This limited conversion to AlF4

- further 

demonstrates that MgF3(H2O)- has NS3h TSA stability at least equivalent to that of AlF4
-, since 

an AlF4
- complex would only achieve full occupancy at much higher concentration of Al3+ (at 

least 20 mM).  
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Figure 3-22 19F NMR spectra of the AlCl3 titration to convert NS3h-ADP-MgF3(H2O)- 

into NS3h-ADP-AlF4
- complexes. 

a. NS3h-ADP-MgF3(H2O)- in 90% H2O buffer (F3 = -146.1 ppm, F2 = -153.4 ppm, F3 = -

175.2 ppm). b and c. Addition of 1 mM AlCl3 in panel b or 5 mM AlCl3 in panel c resulted 

in a rotationally averaging peak (152.1 ppm) of bound AlF4
-. 

 

 

Figure 3-23 Complexes of ssRNA-free and ssRNA-bound NS3h-ADP-MgF3(H2O)-. 
19F NMR spectra of ssRNA-free (red) and ssRNA-bound (blue) NS3h-ADP-MgF3(H2O)- 

TSA complexes. Chemical shift differences for each resonance are shown on the figure. 
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Table 3-3 Solvent induced isotope shifts (SIIS, ppm) for 19F NMR signal of RNA-free and 

RNA-bound ZIKV NS3h-ADP-MgF3(H2O)- complexes. 

NS3h-ADP-MgF3(H2O)- F3 F2 F1 

RNA-bound δ19F(100% H2O) -146.6 -153.6 -174.5 
SIIS 1.4 1.5 0.2 

RNA-free δ19F(100% H2O) -146.1 -153.4 -175.2 
SIIS 1.4 1.4 0.2 

SIIS = δ 19F (90% H2O buffer) – δ 19F (100% D2O buffer).  
 

In addition, NS3h is able to form a stable complex of ssRNA-bound NS3h-ADP-MgF3(H2O)- 

TSA complex in solution (Figure 3-23), though attempts to crystallise this ternary complex 

were unsuccessful. When ssRNA was added to the sample of the NS3h-ADP-MgF3(H2O)- 

TSA complex, the three fluorine resonances in the 19F NMR changed only by 0.62 ppm for F3, 

0.14 ppm for F2, and 0.76 ppm for F1 (Figure 3-23). These shifts indicate only a small 

difference in the H-bonding network within the NS3h ATPase active site and subtle 

conformational changes upon ssRNA binding. Notably, all three fluorine resonances of the 

MgF3(H2O)- complex increase in intensity upon addition of ssRNA, most prominently for F1 

(Figure 3-23). These increases suggest that binding of ssRNA retards exchange between the 

MgF3(H2O)- moiety and free MgFx resulting from tighter binding of the TSA complex. 

Likewise, a two-fold decrease of the Kd for ADP-AlF4
- in the absence of ssDNA has been 

observed for the HCV NS3h by fluorescence polarization (253). Binding ssRNA also slightly 

increases the SIIS values for all three fluorines, consistent with overall H-bond shortening in 

the TSA complex (Table 3-3). The 19F NMR spectra provide direct evidence of the 

conformational closure of the finely tuned H-bond network around the transferring phosphoryl 

group in the TS, indicating ssRNA stimulates NTPase activity of ZIKV NS3h, like HCV NS3h 

(253).  



 144 

3.3.5 Structural basis for ATP hydrolysis mechanism of the NS3 helicase  

 
Figure 3-24 Two conformations of the conserved motif V in ZIKV NS3h. 

a. Superposition of NS3h-ADP-MgF3(H2O)- (light grey, conformation A in coral, 

conformation B in purple) and NS3h-MnADP-BeF3
- (light grey, motif V in yellow) 

structures. b. Sequence alignment of several SF2 helicases. ZIKV NS3h (PDB code 5MFX, 

this work), Hel308 [PDB code 2P6R, (241)], Vasa [PDB code 2DB3, (97)], elF4A [PDB 

code (262)], Prp43 [PDB code 5LTA, (107)], HCV NS3h [PDB code 3O8C, (240)] and 

DENV NS3h [PDB code 2JLU, (79)]. c and d. Side-by-side comparison of the two 

conformations in the NS3h-ADP-MgF3(H2O)- structure. Close-up views at the loop 

conformation B, purple (c) and A, coral (d) are shown with Mg2+ in green, fluorine in light 

blue, water molecules in red and H-bonds (≤ 3.1 Å) shown by dashed lines. 

  

The single molecule of the NS3h, in the asymmetric unit of the crystal, presents two 

conformations, A and B, for the catalytically important motif V in the NS3h-ADP-MgF3(H2O)- 

structure (Figure 3-24a). Conformation B adopts the usual ‘relaxed’ position seen in the 

structures of NS3h-ADP-BeF3
- (Figure 3-24a), where the amide of G415 is 4.0 Å from the 
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hydrolytic water W1 and donates a H-bond to the backbone carbonyl of E413 (Figure 3-24b). 

This motif V is conserved across SF2 helicases (Figure 3-24b). In conformation A, following 

the reorganization of the motif V, the amide of G415 moves 1.0 Å towards W1 and donates 

an H-bond (3.0 Å) to coordinate it (Figure 3-24c and 3-24d). This demonstrates that 

conformation A is involved directly in ATP hydrolysis in the RNA free complex of NS3h. As 

motif V is involved both in nucleic acid binding and in transition state formation for ATP 

hydrolysis (Figure 3-12, 3-24 and Table 3-4), it is likely that the structurally conserved motif 

V plays a vital role in coupling NTP hydrolysis with RNA translocation.  

 

Table 3-4 X-ray structures of Flaviviridae family NS3 helicases in complex with 

transition state analogues (TSA). 

PDB 
code Protein Resolution 

(Å) 
Space 
Group TSA 

With RNA 
or DNA 
bound 

Motif V loop 
conformation 

6S0J  
(this 
work) 

ZIKV 
NS3h 1.50 P21 ADP-

MgF3(H2O)- no A&B 

2JLY DENV 
NS3h 2.40 C2 ADP-PO4- RNA bound B 

2JLX DENV 
NS3h 2.20 C2 ADP-VO4- RNA bound A 

5E4F HCV 
NS3h 2.10 P2 ADP-AlF4- no B 

3KQL HCV 
NS3h 2.50 P2 ADP-AlF4- DNA bound A 

Comparison of the motif V conformations of all Flaviviridae family viruses NS3h-TSA 

complexes structures which are available in the PDB by July 2018. The compared 

structures includes DENV NS3h-ssRNA-ADP-PO4
- [PDB code 2JLY, (79)], DENV 

NS3h-ssRNA-ADP-VO4
- [PDB code 2JLX, (79)], HCV NS3h-ADP-AlF4

- [PDB code 

5E4F, (253)] and HCV NS3h-ssDNA-ADP-AlF4
- [PDB code 3KQL, (109)]. 

Conformations A and B of motif V refer to the conformations A and B in Figure 3-24a. 
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Figure 3-25 Comparisons of the ATP binding pockets for the transition state complex 

structures of NS3h-ADP-MgF3(H2O)- and RhoA-GDP-MgF3
--RhoGAP. 

Upper panel: The inner surface of the triphosphate binding site for the NS3h-ADP-

MgF3(H2O)- TSA complex shown in semi-transparent purple. Protein is highlighted in 

light blue with MgF3(H2O)- shown in sticks. The size of the pocket for binding the TSA 

and b-phosphate is 256.2 Å3. Lower panel: The inner surface of the triphosphate binding 

site for RhoA-GDP-MgF3
--RhoGAP TSA complex [PDB code 1OW3, (228)] shown in 

semi-transparent green. The protein is in grey. MgF3
- moiety is shown as sticks and waters 

as red spheres. The size of the pocket for binding the TSA and b-phosphate is 69.4 Å3.  

 

3.3.6 Functional characterisations of ZIKV NS3h 

3.3.6.1 Protein stability determination for ZIKV NS3h 

The thermal unfolding transition midpoint (melting temperature, Tm, °C) of NS3h183-623 was 

derived using a thermal shift assay. The melting temperature of native NS3h183-623 is 39.02 ± 

0.04 °C in the buffer condition containing 300 mM NaCl (Table 3-5). The addition of ATP 

analogues resulted in significant increases of the melting temperature of NS3h. In particular, 

when adding 1 mM ATPgS to the protein sample, the melting temperature was increased by 
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3.21 °C. In addition, the melting temperature was increased to 46.68 ± 0.07 °C (Table 3-5), by 

adding 5 mM ATPgS to the protein sample. The rise of melting temperature likely indicates 

the addition of ATP analogue binds to the native NS3h. 

 

Table 3-5 Thermal shift assay of NS3h with various ATP analogues. 

 Melting temperature (°C) 

 ADP AMPPNP AMPPCP ATPgS AMP GDP GMPPNP 

5 mM 40.4 ± 0.0 39.5 ± 0.1 38.5 ± 0.2 46.7 ± 0.1 38.5 ± 0.1 39.4 ± 0.1 37.9 ± 0.1 
2 mM 39.9 ± 0.1 39.4 ± 0.1 38.7 ± 0.2 44.7 ± 0.1 38.7 ± 0.1 39.3 ± 0.1 38.4 ± 0.3 
1 mM 39.4 ± 0.0 39.1 ± 0.2 38.7 ± 0.1 42.2 ± 0.0 38.8 ± 0.1 39.3 ± 0.1 38.8 ± 0.1 
0 mM 39.0 ± 0.0 

Mean data of sample replicates and plus/minus standard deviations are shown in the table. 

Each sample has three replicates. 

  

Due to the hydrophobic fluorescence dye contributing to the precipitation of NS3h, Nano 

differential scanning fluorimetry (NanoDSF) was applied to further characterise the protein 

solubility by monitoring the tryptophan intrinsic fluorescence emission shifts. NanoDSF 

records the fluorescence intensities at 350 nm and 330 nm (see described in section 3.2.8). 

Generally, F350/330 yields data with well-defined transitions upon protein unfolding and can 

reduce the possibility that protein stability is altered by the fluorescent dye used in 

Thermofluor style assays. 

 

 

Figure 3-26 Thermal unfolding curves of ZIKV NS3h. 

a. Thermal unfolding curves of NS3h183-623 and NS3h171-617. b. Thermal unfolding curves 

of ZIKV NS3h with ADP and ATPgS. Reactions were recorded at 20-95°C, 5 µM ZIKV 

NS3h183-623 and NS3h171-617 was used in each reaction.  
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Table 3-6 Melting temperatures of NS3h183-623 and NS3h171-617. 

 Tonset [ºC] Tm1 [ºC] Tm2 [ºC] 

NS3h183-623 27.5 ± 0.3 33.6 ± 0.1 - 

NS3h171-617 27.9 ± 1.2 36.0 ± 0.0 42.9 ± 0.0 

NS3h171-617 + ADP 28.6 ± 0.7 36.2 ± 0.0 43.1 ± 0.2 

NS3h171-617 + ATPgS  31.3 ± 0.6 37.0 ± 0.1 44.1 ± 0.1 

Mean data of sample replicates and plus/minus standard deviations are shown in the table. 

Each sample has duplex replicates. 

 

Since the construct of NS3h183-623 is not stable and tends to precipitate at room temperature, in 

particular at low salt concentrations (less than 100 mM), and the 183 – 617 residues (including 

partial N-terminal 6 ´ His) of NS3h183-623 are visible in the crystal structures, the NS3h171-617 

construct was made to further investigate the protein stability. Since NS3h171-617 and NS3h183-

623 have 9 tryptophan and 11 tyrosine residues in a total of 457 and 451 amino acids, 

respectively, the ratio of intrinsic fluorescence of tryptophan and tyrosine (F350/330) are 

sufficient to reflect the conformational changes of NS3h proteins. The reaction onset 

temperature (Tonset) is the temperature where it is assumed that protein unfolding begins. The 

values of Tm1 and Tm2 indicate the first and second midpoint of the unfolding transition, 

respectively. The Tm1 of NS3h183-623 is 33.6 ± 0.1 °C, and Tm1 of NS3h171-617 is 36.0 ± 0.0 °C 

(Figure 3-26a and Table 3-6), suggesting that the NS3h171-617 is slightly more stable than 

NS3h183-623, though NS3h171-617 is still unstable and tends to precipitate at room temperature 

(20 °C). The construct of NS3h171-617 was used for following characterisations for ZIKV NS3h.  

The ATPγS or ADP and RNA were used to further investigate NS3h stability (Figure 3-26b 

and Table 3-6). In the presence of ATPγS,  the Tonset, Tm1, and Tm2 of NS3h are increased from 

27.9 ± 1.2°C, 36 ± 0.0°C and 42.9 ± 0.0°C to 31.3 ± 0.6°C, 37 ± 0.1°C and 44.1 ± 0.1°C, 

respectively (Figure 3-26b and Table 3-6). However, in the presence of ADP, the Tonset, Tm1 

and Tm2 of NS3h are only slightly increased to 28.6 ± 0.7°C, 36.2 ± 0.0°C and 43.1 ± 0.2°C 

from 27.9 ± 1.2°C, 36 ± 0.0°C, respectively (Figure 3-26b and Table 3-6). This result suggests 

that ATPγS stabilises NS3h better than ADP, and the increases of Tonset, Tm1 and Tm2 as a 

result of binding of ATPγS to the native NS3h, consistent with the structural observations (in 

section 3.3.3.2). 

3.3.6.2 Characterisations of ATPase activity of ZIKV NS3h 

Since enzymes with poor thermal stability and a tendency to aggregate often show lability in 

their activities, the ATPase activity was compared in NADH-coupled photometric assays for 
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either freshly purified protein (fresh NS3h171-617) and protein that was snap frozen in liquid 

nitrogen and stored at - 80°C before immediate use (thawed NS3h171-617). The Km of fresh 

NS3h171-617 was 82.52 ± 5.04 µM, and the kcat was 4.42 ± 0.09 s-1, while the Km of thawed 

NS3h171-617 was 89.68 ± 9.51 µM, and the kcat was 2.49 ± 0.08 s-1 (Figure 3-27a). The enzyme 

efficiency (kcat/Km) of NS3h was about 2-fold decreased due to freezing and storage (Figure 

3-27a). 

 

Figure 3-27 Characterisations of ATPase activity of ZIKV NS3h171-617. 

a. ATPase activity of fresh and thawed NS3h171-617. Assays were carried out by titrating 0 

- 1 mM ATP to 200 nM NS3h171-617. The icons show the mean data of the sample replicates 

and error bars on the icons show the plus/minus standard mean errors (SE). b. 9-mer single-

stranded (ss) RNA stimulation of NS3h ATPase activity assay. pRNA9 and RNA9 were 

utilised in the assays. c. RNA stimulation of ATPase activity assay. 50 nM NS3h171-617 was 

mixed with 1 µM 20-mer (RNA20), 40-mer (RNA40) and 55-mer (RNA55) ssRNA (RNA 

sequences are given in Appendix 6), respectively. The columns show the average data of 

sample replicates and the error bars indicate the plus standard mean errors (SE).   

 

To further define if ssRNA was able to stimulate the ATPase activity of ZIKV NS3h, either 

pRNA9 or ssRNA9 were added to NS3h171-617 for the NADH-coupled photometric assay. The 

addition of 5 µM (100:1 ratio of RNA to protein) pRNA9 or RNA9 resulted in a 2.25-fold and 
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1.75-fold increase of ATP hydrolysis rate, respectively, compared to the basal ATP hydrolysis 

rate of NS3h171-617 (Figure 3-27b). There was no significant statistical difference (p £ 0.05) 

among the three samples (as defined by the T-test), due to the variability in assays, despite 

using freshly thawed protein for each experiment. However, even short ssRNAs can clearly 

stimulate the ATP hydrolysis activity of ZIKV NS3h, as observed for other Flavivirus NS3hs 

(263–267).  

To investigate whether RNA with different lengths and sequences stimulates ZIKV NS3h 

ATPase activity, three ssRNAs of different lengths were utilised for ATPase activity 

stimulation assays. The addition of a 55-mer single-stranded (ss) RNA55 significantly 

stimulates NS3h ATPase activity with a 5.2-fold increased hydrolysis rate (Figure 3-27c), 

while the addition of RNA40 and RNA20 resulting in 2.1-fold and 1.76-fold increase of the 

hydrolysis rate, respectively (Figure 3-27c). These results indicate that ssRNA can stimulate 

ATPase activity of NS3h, and longer lengths of RNA oligos appear to achieve slightly faster 

ATP hydrolysis rates.  

3.3.6.3 Characterisations of RNA binding affinity for ZIKV NS3h 

 

Figure 3-28 RNA binding assay by EMSA. 

Left panel: the native polyacrylamide gel stained by SYBR Gold dye. Right panel: the 

native polyacrylamide gel stained further by Coomassie blue dye. The molar ratio of RNA 

to protein was shown on the top of the gel. 

 

Electrophoretic mobility shift assays (EMSA) were performed to probe the binding of NS3h183-

623 and the pRNA9. Considerable attempts to optimisation conditions failed to obtain sharper 
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band shifts on the native gels. A representative result is given in Figure 3-28, showing that the 

free RNA indeed decreased as protein concentration increased. However, most of the protein 

stuck at the top wells and could not migrate into the gel (Figure 3-28, left panel). Still, a little 

amount of protein entered into the gel near the top wells were detected by staining in 

Coomassie blue dye (Figure 3-28, right panel). The smeared region observed in the lane above 

the free RNA when mixing protein with pRNA9 may indicate that NS3h binds to pRNA9 in a 

weak binding manner, despite the difficulty of quantification of the binding affinity, due to the 

unstable protein molecules might be precipitating or aggregating during the reaction. In 

addition, the difficulty in obtaining sharp band shifts is possibly due to the poor stability of 

NS3h, in particular in buffer containing a low concentration of salt (less than 100 mM), 

resulting in a reduced concentration of soluble NS3h protein in solution. Moreover, the 

primarily positively charged surface of NS3h (Figure 3-8b) was protonated and carrying 

positive charges in the gel running buffer of pH 8.3 (i.e. buffer pH is less than protein pI of 

8.6). The positively charged surface of protein may prevent the protein from migrating into 

the gel and the negative charges that pRNA9 appears not enough to facilitate the protein 

complex to migrate into the gel. 

In order to accurately define the ssRNA binding activity of ZIKV NS3h, several biophysical 

methods were attempted to quantify the equilibrium dissociation constant (Kd). The propensity 

for this protein tends to precipitate prevented accurate measurements using fluorescence 

anisotropy, and no signal was observed using isothermal titration calorimetry and microscale 

thermophoresis. Nonetheless, the intrinsic tryptophan fluorescence quenching assays were 

performed to probe the RNA binding of NS3h. To take the advantages of NanoDSF (as 

detailed in section 2.2.7 and 3.2.8), i.e. no additional fluorophore is needed in the reaction, the 

intrinsic fluorescence intensities at 350 nm and 330 nm of aromatic residues (mainly 

Tryptophan and Tyrosine) of ZIKV NS3h were recorded in the presence of a 5’ phosphorylated 

9-nucleotide ssRNA (pRNA9, Appendix 6). 

First, the thermal unfolding transition midpoint (Tm, °C) of ZIKV NS3h171-617 was measured 

by monitoring the tryptophan fluorescence emission shifts using NanoDSF upon addition of 

increasing pRNA9. The NS3h171-617 has two Tm values: the population of Tm2 (the second Tm 

value) is much smaller than the Tm1 peak (the first Tm value, Table 3-7 and Figure 3-29a). 

Transition midpoints and onsets are given in Table 3-7. Titration of pRNA9 from 0 to 250 µM, 

with 5 µM NS3h protein, resulted in the Tm1 value of NS3h increasing by 1.6 °C, and the Tm2 

value increasing by 1.4 °C (Figure 3-29a and Table 3-7). These data indicate that pRNA9 binds 

to NS3h and that the resulting complex has enhanced thermal stability.  
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Table 3-7 Thermal unfolding midpoints of ZIKV NS3h with different concentration of 

pRNA9. 

pRNA9 (µM) Tonset  [ºC] Tm1 [ºC] Tm2 [ºC] 

0 µM 26.4 ± 1.6 35.9 ± 0.0 42.9 ± 0.0 

5 µM 27.8 ± 0.1 35.9 ± 0.1 43.1 ± 0.0 

10 µM 25.8 ± 1.9 36.0 ± 0.1 43.2 ± 0.0 

15 µM 26.1 ± 0.1 36.0 ± 0.0 43.2 ± 0.2 

20 µM 27.5 ± 0.1 36.1 ± 0.0 43.2 ± 0.0 

25 µM 26.7 ± 0.2 36.1 ± 0.0 43.2 ± 0.0 

30 µM 26.2 ± 0.8 36.1 ± 0.0 43.3 ± 0.0 

35 µM 25.7 ± 0.8 36.2 ± 0.0 43.3 ± 0.0 

40 µM 27.8 ± 0.8 36.3 ± 0.1 43.4 ± 0.0 

45 µM 27.3 ± 0.6 36.4 ± 0.0 43.6 ± 0.0 

50 µM 27.8 ± 1.3 36.5 ± 0.0 43.6 ± 0.0 

125 µM 28.0 ± 0.0 37.1 ± 0.0 43.8 ± 0.0 

250 µM 30.0 ± 0.3 37.5 ± 0.0 44.3 ± 0.0 

ZIKV NS3h171-617 was used in each reaction. Mean data of sample replicates and 

plus/minus standard deviations are given in the table. Each sample has six replicates. 

 

 

Figure 3-29 Thermal unfolding data of ZIKV NS3h with a titration of pRNA9. 

a. The first derivative of the fluorescence ratio of 350/330nm of ZIKV NS3h171-617 with 

titration of 0 and 250 µM pRNA9, b. Fluorescence ratio of 350/330nm of ZIKV NS3h171-

617 with titration of 1 - 250 µM pRNA9. Data for reactions were recorded at 20 - 21 °C, 29 

time points averaged for each replicate. 5 µM NS3h171-617 was used in each reaction. Each 

sample has six replicates. 
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Figure 3-30 The binding affinity of NS3h with pRNA9. 

The binding curve of NS3h with pRNA9, the curve is fitted with the Hill equation (234), 

and equilibrium dissociation constant (Kd) and Hill coefficient (n) are indicated in the 

figure. The black dots denote the mean data of the sample replicates and error bars on them 

show the standard mean errors (SE). Each sample has six replicates. 

  

Second, the binding affinity for NS3h171-617 was quantified using intrinsic tryptophan/tyrosine 

fluorescence quenching (TFQ) (233, 268) by adapting the NanoDSF protocol. The ratio of the 

fluorescence intensities (F350/330) at 20 - 20.9 °C clearly showed a decreasing trend as pRNA9 

was titrated with protein (Figure 3-29b). The increased F350/330 is derived from the free RNA 

interacting with the protein near where the tryptophans are located. When increased F350/330 

reaches a steady state, the RNA-bound NS3h is saturating. The TFQ data was analysed and 

fitted with the Hill equation (Figure 3-30) defining an equilibrium dissociation constant (Kd) 

of 16.36 ± 0.88µM, which falls into a similar range as DENV NS3h-ssRNA binding model 

(248). The Hill coefficient (n) is 1.41 ± 0.15, elucidating that the binding of pRNA9 to 

ZIKV NS3h is probably positive cooperativity between adjacent proteins. 

3.4 Discussion  

The structural and biochemical data in this chapter provide insights into the ATP hydrolysis 

and RNA translocation mechanism of the ZIKV NS3h and are also applicable for the 

Flaviviridae family NS3hs. 

The Motif V plays a vital role for bridging ATP hydrolysis and RNA translocation 

The close agreement between spectroscopic and structural studies on ZIKV NS3h enables a 

rigorous analysis of the atomic details of the previously unobserved ADP-MgF3(H2O)- species, 

confirming that it is a new metal fluoride transition state analogue (TSA). Moreover, the 19F 

NMR spectra demonstrated that a stable ZIKV NS3h-ssRNA-ADP-MgF3(H2O)- complex can 
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be formed in solution. The clear distinction between the RNA-free and RNA-bound TSA 

complexes is manifested in subtle yet significant differences in H-bonding network (see in 

section 3.3.4), suggesting the bound RNA tightens the binding of ADP-MgF3(H2O)-. In 

addition, comparing the complex structures of ZIKV NS3h-ADP-BeF3
- (PDB code 6RWZ, 

this work) and HCV NS3h-ssDNA-ADP-BeF3
- [PDB codes 3KQU and 3KQN, (109)], the 

shorter H-bonds of the nucleophilic attacking water (W1) to Be2+ as a result of DNA binding 

suggests that nucleic acid binding tightens the pre-transition state analogue complex.  

Motif V adopts two conformations in the NS3h-ADP-MgF3(H2O)- TSA complex structure. 

Significantly, conformation A has not been previously observed in nucleic acid-free TSA 

complex structures of NS3 helicases of Flaviviridae family viruses (Table 3-4). The two 

conformations adopted by the catalytically important motif V, in the presence of the 

MgF3(H2O)- TSA demonstrates how ATP hydrolysis affects protein conformation. The direct 

structural observations in the NS3h-ADP-MgF3(H2O)- complex structure illuminate how this 

motif V, particularly the conserved glycine (Figure 3-24d), is involved in ATP hydrolysis. In 

addition to the responsibility of nucleic acid binding in the ZIKV NS3h (in section 3.3.3.1), 

motif V plays a crucial role for linking the ATP hydrolysis with mechanical translocation of 

RNA, like other SF2 helicases (109, 210).  

How is ZIKV NS3h accommodating the first unwound nucleotide of RNA? 

The bound RNA, in the ZIKV NS3h-pRNA9 complex, contains a 5’ phosphate group. The 

structure reveals a more intensive H-bonding network for protein-RNA interactions than 

observed earlier for the complex with non-phosphorylated RNA (Figure 3-13). Although 

several interactions are the same as seen in the ZIKV NS3h-ssRNA structure (247), the 5’ 

phosphate induced more compact interactions with the protein (Figure 3-12). Of particular 

interest is the domain 3 residue D602, which forms multiple water-mediated hydrogen bonding 

interactions with RNA in the presence of 5’ phosphate (Figure 3-31a and 3-31b) and may have 

a role for stabilising the incoming unpaired nucleotide of RNA during RNA unwinding. 

Moreover, in the presence of the 5’ phosphate, interactions of D540 and K537 shift in register 

from the fourth and fifth nucleotides to the third and fourth nucleotides of the bound RNA, 

respectively (Figure 3-31a and 3-31b). Coincidentally, the 5’ phosphate group is situated at 

the position of the first unwound nucleotide in the structure of the archaeal Hel308 SF2 

helicase determined in complex with DNA (241), further supporting the premise that the 

presence of the 5’ phosphate likely mimics the first unpaired nucleotide. The 5’ phosphate 

induced remodelling in the H-bonding pattern likely demonstrates how the NS3h protein 

accommodates the first incoming nucleotide of RNA during translocation. 
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Figure 3-31 Comparisons of H-bonding interactions of RNAs in ZIKV and DENV 

NS3hs. 

a and b. H-bonding interactions of key residues in the RNA binding site of ZIKV NS3h-

pRNA9 complex (PDB code 5MFX, this work) (panel a) and ZIKV NS3h-ssRNA complex 

[PDB code 5JGB, (247)] (panel b). c and d. H-bonding interactions of key RNA binding 

residues of DENV NS3h-ssRNA complex [PDB code 2JLU, (79)] (panel c) and 

DENV NS3h-ssRNA-AMPPNP complex [PDB code 2JLV, (79)] (panel d). 

 

A proposed mechanism of RNA translocation of ZIKV NS3h 

Despite the lack of a ternary NS3h-ssRNA-ATP complex structure for Zika virus, the 

combination of the data shows common features with the evolutionarily closely related 

homologues of ZIKV NS3h (Figure 3-31c and 3-31d). It suggests ZIKV NS3h utilises an 

inchworm like translocation mechanism. ZIKV NS3 helicase is expected to unwind RNA with 

3’® 5’ directionality, like other evolutionary related SF2 helicases (95, 241). The RNA 

binding site is primarily established by key residues from the ATP-binding domains 1 and 2 

(Figure 3-12), indicating RNA translocation is most likely proceeds as a switch of alternate 

RNA binding interactions between domains 1 and 2, driven by the ATP hydrolysis cycle. 

Indeed, comparison of the DENV NS3h-ssRNA and NS3h-ssRNA-AMPPNP complex 

structures shows that D409 (equivalent to D410 in domain 2 of ZIKV NS3h) is no longer 
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interacting with RNA upon AMPPNP binding (Figure 3-31c and 3-31d), suggesting that the 

conserved aspartate of motif V favours a ‘loose’ RNA binding mode when ATP is bound. In 

addition, R241 (equivalent to R242 in ZIKV NS3h) donates two H-bonds to the RNA when 

AMPPNP is bound while it does not interact with RNA in the absence of AMPPNP (Figure 

3-31c and 3-31d), suggesting the conserved arginine of motif Ib (domain 1) tends to grip RNA 

firmly upon ATP binding during RNA translocation. Moreover, the interaction of sidechain 

D290 of motif II (equivalent to D291 in ZIKV NS3h) with RNA shifts one nucleotide towards 

3’, upon binding AMPPNP (Figure 3-31c and 3-31d), indicating that RNA likely slides over 

domain 1 when domain 2 rotates towards domain 1 upon ATP binding. 

 
Figure 3-32 Proposed RNA translocation mechanism of ZIKV NS3h. 

Domains 1, 2 and 3 (D1, D2 and D3) are in dark green, light blue and orange, respectively, 

with key residues and factors indicated on the figure.  

 

The identical features of the fundamental conformational changes of the RNA and ATP 

binding sites shared by Flavivirus NS3hs suggest a plausible RNA translocation mechanism. 

Structural data on comparisons of domain rotations of ZIKV and DENV in the absence of 

ATP, upon binding to ssRNA, domains 2 and domain 3 move apart from each other to create 

an ‘open’ conformation of the RNA binding tunnel in order to accommodate the bound ssRNA 

(Figure 3-14, section 3.3.3.1), meanwhile, central residues in the RNA binding motifs of 

domain 2, form a firm grip on the RNA, especially around the 5’ region (Figure 3-31a and 
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Figure 3-32a). The firm grip on the 5’ end of the RNA is particularly evident in the description 

above of the 5’ phosphate group induced interactions of the RNA binding (Figure 3-31a). RNA 

binding is thought to induce an allosteric dynamic effect on the ATP binding site, allowing 

NS3h to adapt a conformation more suitable for binding and hydrolysing ATP. Next, upon 

binding ATP, the RecA-like domains 1 and 2 are brought together as domain 2 rotates close 

to domain 1 (Figure 3-32b). Domain 2 likely remains tightly bound to the RNA strand while 

the comparatively weaker interaction with domain 1 allows the strand to slide, presumably by 

one nucleotide. When ATP is correctly situated in the binding pocket, hydrolysis leads to a 

destabilisation of the cleft closure between domain 1 and 2, in particular, between the 5’ region 

of RNA and D410, resulting in a relatively loose binding mode on domain 2 (Figure 3-32b). 

Subsequently, domain 1 grips the RNA comparatively more tightly than domain 2, binding to 

the 3’ region of the RNA and domain 2 switches to a relatively weaker binding mode to RNA, 

potentially ‘priming’ the pre-translocation complex for movement in this direction. After g-

phosphate release, the interaction of R459 with the nucleotide is broken (Figure 3-15, section 

3.3.6.2), potentially allowing domain 2 to rotate away from domain 1. As the RecA-like 

domains 1 and 2 move apart, the ADP product is released, critical residues in motif V (in 

particular D410) re-establish contact with RNA, and therefore domain 2 becomes re-engaged 

in tight interaction with RNA in the new register (Figure 3-32c).  

Domain 3 plays a role in RNA translocation and unwinding 

Due to the lack of sequence and structural conservation, how domain 3 of NS3h is involved in 

nucleic acid unwinding and translocation remains unclear. Flavivirus NS3hs have no aromatic 

residue equivalent to W501 in HCV NS3h (109) and W599 in Hel308 (241) positioned for 

base stacking interactions with the RNA, as discussed in sections 1.3.6 and 3.3.3, suggesting 

that Flavivirus NS3hs likely recruit a different mechanism for RNA translocation. 

Nevertheless, the interactions of D540 and K537 in domain 3 in ZIKV NS3h with RNA show 

a one-nucleotide shift towards the 3' end of RNA in the presence of 5' phosphate (Figure 3-

31a and 3-31b), demonstrating that conserved aspartate and lysine/arginine are likely the 

alternatives to the aromatic residue (as discussed in section 3.3.3.1 above). Moreover, D602 

tightly binds to the 5' phosphate of RNA but does not interact with RNA in the absence of 5' 

phosphate (Figure 3-31a and 3-31b), suggesting this conserved aspartate likely plays an 

essential role in accommodating the incoming nucleotide of RNA during translocation, as 

discussed in section 3.3.3.1. Since domain 3 of NS3h is relatively smaller and simpler, 

compared to other SF2 helicases, as discussed in section 3.3.3.1, Flavivirus NS3hs may also 

function in concert with other ‘helper’ proteins for RNA unwinding, like several other SF2 

DEAD-box helicases which do not have a domain 3 and require a ‘partner’ protein to facilitate 

unwinding (97, 269). 
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4 Conclusions and future perspectives 

In this thesis, two ATP-driven motor proteins from viruses, the DNA packaging ATPase gp14 

from the Tectiviridae family phage phiKo and the NS3 helicase (NS3h) from Zika virus, were 

studied, to investigate their structural and functional properties. 

The DNA packaging ATPase phiKo gp14 

Several types of ATP-driven motors are used by double-stranded DNA (dsDNA) viruses 

during their assembly, for packaging viral genomes into preformed capsids. A large group of 

dsDNA viruses, including eukaryotic Poxviruses, giant viruses (such as pandoraviruses), 

bacterial Tectiviruses as well as virophages and polintoviruses, use an FtsK/HerA type 

packaging system for genome packaging, as described in section 1.2.1. This type of packaging 

system typically comprises several components, the DNA packaging ATPase, packaging 

efficiency factor and two membrane associated proteins (14, 41), as discussed in section 

1.2.2.3. Thermus thermophilus phage phiKo belongs to the Tectiviridae family and is expected 

to utilise the FtsK/HerA type packaging system. As is often the case for viruses, the phiKo 

sequence differs significantly from other members of the Tectiviridae family, except for the 

conserved major capsids protein and the DNA packaging ATPase, gp14. This work aimed to 

determine structural and biochemical properties for the phiKo DNA packaging gp14 protein, 

in order to obtain structural and mechanistic insights about the mechanism of ATP hydrolysis 

and DNA packaging by the FtsK/HerA type packaging motors. 

The solubility of the phiKo gp14 was initially investigated by generating several different 

fusion constructs and optimising the purification buffer conditions (detailed in sections 2.2.1.2 

and 2.3.2). Improving protein solubility proved challenging, with a considerable amount of 

protein precipitating during protein concentration. Nevertheless, the soluble material of the 

purified gp14 protein was successfully crystallised, with well-diffracting crystals obtained for 

the apo structure and its complexes with several different non-hydrolysable ATP analogues 

(detailed in section 2.3.3).  

The crystal structure of the phiKo gp14 reveals that this protein possesses the classical 

FtsK/HerA fold with the conserved locations of the Walker A and Walker B motifs (discussed 

in section 2.3.4). The structural conservation indicates that the phiKo gp14 is an ATPase 

belonging to the FtsK/HerA superfamily that likely translocate DNA using a similar 

mechanism to other ring-shaped hexameric FtsK/HerA superfamily translocases (6, 72, 197, 

209) (see sections 1.3.2 and 1.3.3). In addition, the structures of phiKo gp14 complexes with 

phosphate, AMPPNP, AMPPCP and ADP provided a precise picture of different functional 

states of ATP hydrolysis, including the pre-hydrolysis and post-hydrolysis states, as detailed 

in sections 2.3.4 and 2.3.6. The phiKo gp14 was purified as a monomer in solution and packed 
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as a monomeric species in the crystal (described in section 2.3.2 and 2.3.4), though the 

functional oligomeric state of this phiKo gp14 is expected to be a hexamer. Since ATPase 

active site is typically found at the interface between two adjacent subunits, in common with 

other FtsK/HerA family  members (6, 72, 197, 209), as discussed in sections 1.3.2 and 1.3.3, 

ATP hydrolysis is expected to facilitate phiKo gp14 oligomerisation possibly by necessitating 

the arginine finger to protrude into the ATPase active site of the adjacent subunit and 

facilitating the ATP hydrolysis, as mentioned in section 1.3.3.  

The ATPase activity measurements were carried out using the Malachite green assay (detailed 

in section 2.2.8 and 2.3.9), demonstrating that phiKo gp14 is able to hydrolyse ATP, but 

relatively weakly, with the ATP hydrolysis rate of 43.5 pmols/µM/min. Increasing NaCl 

concentration caused a significant decrease in the ATP hydrolysis rate, despite the fact that the 

high concentration of NaCl helps stabilise the gp14 protein. The activity assays also showed 

that short N-terminal extensions somewhat inhibited the ATPase activity of phiKo gp14. The 

construct with an N-terminal 6 ´ His tag and the gp14 protein with three post-cleavage N-

terminal residues displayed lower activity than the untagged phiKo gp14 protein, suggesting 

that the N-terminus of phiKo gp14 may interfere with ATP hydrolysis. Consistently, the N-

terminus is located close to the C-terminus that interacts with the nucleotide and is involved 

in forming the ATP binding pocket (as described in section 2.3.6), indicating that N-terminus 

may influence ATP hydrolysis. Future studies may benefit from expressing a construct of 

phiKo gp14 using a no-tag expression vector, for probing the potential influence on 

oligomerisation. The ATPase activity of phiKo gp14 decreased over time, likely due to the 

poor protein stability. Future biochemical characterisation of the gp14 may be directed at the 

optimisation of conditions that balance salt concentration (and protein solubility) as well as 

gp14 ATPase activity. 

To further investigate the possibilities of oligomerisation of phiKo gp14, the potential 

oligomerisation by protein docking was adopted to generate a putative hexameric model of 

gp14. The modelling of gp14 (in section 2.3.7) indicated that the formation of the hexameric 

assembly might be facilitated by forming a higher-order complex with an auxiliary protein 

component, to assemble into a hetero-dodecamer. Indeed, the DNA packaging machinery 

assembled at the unique vertex of the viral capsid is expected to employ several other protein 

factors, in addition to the genome packaging ATPase (as discussed in sections 1.1.1 and 1.2.2). 

Based on previous 12 Å resolution data on Tectiviridae phage PRD1, the DNA packaging 

ATPase and the packaging efficiency factor form a dodecameric portal complex at the 

packaging vertex (14), though the detailed arrangement of protein subunits of this portal 

complex remains unknown. It is likely that the packaging ATPase gp14 of phage phiKo is 

forming a hexameric or a dodecameric assembly in vivo (see sections 1.2.2.3 and 1.3.3). 
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In addition, the protein stability and DNA binding activity were investigated to probe the 

functional properties of phiKo gp14 (detailed in sections 2.3.8 and 2.3.10). The protein 

stability was assayed in buffers containing different salt concentrations by NanoDSF, showing 

that the phiKo gp14 is relatively stable, with melting temperatures higher than 53 °C in Tris 

pH 7.5 buffer and higher than 64.5 °C in citrate buffer pH 5.0. The melting temperature of 

phiKo gp14 is lower than the optimal Thermus thermophilus bacteriophage growth 

temperature of 70 °C, suggesting that a potential ‘partner’ protein may be stabilising gp14 in 

vivo. In consistence with melting temperature measurements, well-diffracting crystals of gp14 

grew from the crystallisation conditions containing citrate ions at pH 4.0 - 5.0, further 

suggesting that citrate ion or low pH buffer or both are potentially important for protein 

stability. The DNA binding activity of gp14 was assayed by EMSA (in section 2.3.10). These 

experiments were challenging due to a considerable amount of protein precipitating and 

remaining in the wells of the gel. The results demonstrate that the protein can bind dsDNA 

weakly and non-specifically. Further investigation of the DNA binding activity of gp14 should 

be performed with the oligomeric form of phiKo gp14, which could be stabilised by auxiliary 

protein factors. 

This study also attempts to investigate the DNA packaging activity of the gp14, as detailed in 

section 2.3.11. Similar to other Tectiviridae family viruses, phage phiKo is expected to recruit 

a protein-primed DNA replication mechanism, in which the terminal protein remains 

covalently attached to the 5’ genome after DNA replication (270), as described in section 

1.2.2.2. The complex of terminal protein-genomic DNA is packaged into the procapsid 

through the unique vertex while the terminal protein may function as a valve to seal the channel 

of the packaging system once the genome is inside in the capsid (14). Likewise, in phage 

phiKo, there should also be a ‘terminal protein’ with functions similar to the one in phage 

PRD1. However, due to the lack of detectable sequence similarity amongst terminal proteins, 

the putative terminal protein of phiKo has not yet been identified. The lack of packaging 

activity in the assay, performed in vitro by adding viral genomic DNA, gp14 and ATP to the 

solution containing empty phiKo capsids, may thus be due to the lack of the terminal protein. 

Thus, a future study directed at identifying the potential ‘terminal protein’ and characterising 

its role in DNA packaging could be critical for further investigation of the DNA packaging 

activity of gp14.  

As shown for other members of the Tectiviridae family, the DNA packaging ATPase remains 

on the mature virion after genome packaging (14, 41, 271). The mature virions were 

successfully isolated and purified (detailed in section 2.3.11). However, the genomic DNA 

leaked out from the purified mature virions over time (after approximately 1 week storage at 

4 °C, data not shown), despite extensive buffer optimisations performed for stabilising the 
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packaged phage particles, suggesting that in vitro the protein components preventing the 

packaged DNA leakage or maintaining the capsid structure or both, might be dissociating 

during the storage at 4 °C or at room temperature. While storing capsids at - 80 °C after flash 

freezing in liquid nitrogen ensured phage preservation, the phage titre dropped during the long 

term, over months, storage. Future work on investigating phiKo gp14 assembly and the 

mechanism of DNA packaging would benefit from 3-D reconstruction of the unique vertex of 

the mature virion of phage phiKo at high resolution by cryoEM. The data presented here 

suggest that grids for cryoEM would have to prepared immediately after phage production and 

purification unless better conditions are identified for preserving the integrity of phage 

particles. Finally, obtaining pro-capsids that are competent for packaging, is required for 

establishing DNA packaging in vitro. The research may further benefit from generating phiKo 

phage mutants, such as gp14 defective mutant, that may facilitate producing packaging 

competent procapsids. 

Zika virus NS3 helicase 

Zika virus (ZIKV) NS3 helicase (NS3h) belongs to the superfamily 2 (SF2) helicases having 

the conserved helicase motifs spread over two RecA-like core domains (69, 75, 79, 97, 112), 

as shown in section 3.3.3. Such conserved helicase motifs are either responsible for RNA 

binding or NTP hydrolysis (79, 112). The NS3h can enzymatically unwind double-stranded 

RNA (dsRNA) using energy derived from the NTP hydrolysis. However, the mechanism for 

coupling RNA translocation to the NTP hydrolysis events of the ZIKV NS3h remains unclear. 

The goal of this work was to gain a better understanding of the mechanisms of RNA 

translocation, NTP hydrolysis as well as coupling between these two processes, by 

determining the structural and functional properties of this NS3 helicase.  

X-ray structures of NS3h in complex with several ATP analogues, including the pre-hydrolysis 

(ATPgS and ADP-BeF3
-), transition state [ADP-MgF3(H2O)-] and post-hydrolysis (ADP) 

analogues, were determined, as detailed in section 3.3.3. These structures present the NS3 

helicase in several different functional states of ATP hydrolysis. Notably, it turned out that the 

ADP-MgF3(H2O)- structure obtained in this study was previously unobserved and was 

validated by a combination of crystallography and 19F NMR. Structural observations also 

revealed that the catalytically important helicase motif V possesses two conformations in the 

NS3h-ADP-MgF3(H2O)- complex (in section 3.3.5). Significantly, the conformation A has not 

been previously observed in nucleic acid-free TSA complexes of NS3 helicases from 

Flaviviridae family viruses (Table 3-4). In addition to its role in nucleic acid binding by motif 

V residues, T409, D410 and V411, in the NS3h-pRNA9 complex structure, motif V also plays 

a crucial role in linking the ATP hydrolysis with mechanical translocation of RNA. Moreover, 

the NS3h-ssRNA-ADP-MgF3(H2O)- complex can be formed in solution and was verified by 
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the 19F NMR spectra, though attempts to co-crystallise the ternary complex of NS3h-ssRNA-

ADP-MgF3(H2O)- have not yet been successful.  

The structure of the NS3h-pRNA9 complex revealed that the presence of the 5’ phosphate on 

the RNA induced more compact interactions with the protein, as seen in section 3.3.3.1. In 

particular, the 5' phosphate induced remodelling of the H-bonding network indicating how the 

NS3h protein accommodates the first incoming nucleotide of RNA during unwinding. Of 

particular interest are the domain 3 residues D602, D540 and K537 that adopt different 

conformations in the presence of the 5’ phosphate, compared with the absence of the 5’ 

phosphate. D602 tightly binds to the 5' phosphate of RNA but does not interact with RNA in 

the absence of 5' phosphate, suggesting this conserved aspartate likely plays an essential role 

in accommodating the incoming nucleotide of RNA during translocation, as discussed in 

sections 3.3.3.1 and 3.4. In addition, Flavivirus NS3hs have no aromatic residue equivalent to 

tryptophan residue in other members of the SF2 helicases, such as W501 in HCV NS3h (109) 

and W599 in Hel308 (241), positioned to form base stacking interactions with the RNA, as 

mentioned in section 1.3.6. These observations indicate that there are mechanistic variations 

in Flavivirus NS3hs. Furthermore, the interactions of D540 and K537 with RNA in the case 

of the Zika virus NS3h (this study) may reveal a one-nucleotide shift of RNA towards the 3' 

end in the presence of 5' phosphate, demonstrate that conserved aspartate and lysine/arginine 

likely play a similar role to the aromatic residue, as discussed in section 3.4.  

The protein stability of NS3h was assayed by NanoDSF (in section 3.3.6.1), and the results 

indicate that the NS3h is not particularly stable, with the melting temperature of 36 °C. 

Moreover, the protein tends to precipitate over time. The ATPase activity measurements were 

carried out by NADH-coupled ATPase activity assays (in section 3.3.6.2), demonstrating the 

ATPase activity of NS3h decreases over time and can be stimulated by ssRNA. The RNA 

binding assays were performed using intrinsic tryptophan fluorescence quenching (in section 

3.3.6.3), illustrating that the NS3h binds RNA weakly and non-specifically with a dissociation 

constant (Kd) of 16.36 µM.  

Taken together, similarities in the conformational changes associated with RNA and ATP 

binding sites, shared by Flavivirus NS3hs, suggest a plausible inchworm-like mechanism for 

translocation along the RNA and an accompanying unwinding of the duplex strands, as 

discussed in section 3.4. This mechanism is based on sequential cycling between alternatively 

tight and weak RNA binding states of domains 2 followed by domain 1. The structural and 

biochemical data are detailed in chapter 3, providing insights into the ATP hydrolysis and 

RNA unwinding mechanism of the ZIKV NS3h. The data are applicable to other members of 

the Flaviviridae family NS3hs. Future study would benefit from focusing on understanding 

the unwinding mechanism of this helicase in more detail. In particular, it would be valuable to 
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understand how NS3h performs duplex strand separation. Such studies would benefit from (i) 

obtaining high resolution structures of NS3h in complex with hairpin RNA or RNA replication 

fork, either by X-ray crystallography or cryoEM and from (ii) associated further biochemical 

characterisation. 
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Appendices 

Appendix 1 Primers used in this study. 

Primer name Primer sequences 5’ ® 3’ 

pYM350gp14_For GAACAGATTGGTGGTATGGACTGGAGGCGGATAG 

pYM350 gp14_Rev TACCTAAGCTTGTCTTCATTCTAACCTCAACATGTAAGG 

pYM351 gp14_For ATCACCACCACCACATGGACTGGAGGCGGATAG 

pYM351 gp14_Rev TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM409 gp14_For CCAGGGACCAGCAATGGACTGGAGGCGGATAG 

pYM409 gp14_Rev TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM418 gp14_For ATCACCACCACCACGGGCATAGCGATAGGGTTG 

pYM418 gp14_Rev TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM419 gp14_For AAGGAGATATACATATGATGGGGCATAGCGATAGGGTTG 

pYM419 gp14_Rev GGTGGTGGTGCTCGAGTTCTAACCTCAACATGTAAGG 

pYM537 gp14_A ATCACCACCACCACATGGACTGGAGGCGGATAG 

pYM537 gp14_B TCCACCTTCGCTACCTCCACCTTCTAACCTCAACATGTAAGG 

pYM537 gp14_C GGTGGAGGTAGCGAAGGTGGAATGGACTGGAGGCGGATAG 

pYM537 gp14_D TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM546 gp14_A ATCACCACCACCACATGGACTGGAGGCGGATAG 

pYM546 gp14_B TCCACCTTCGCTACCTCCACCTTCTAACCTCAACATGTAAGG 

pYM546 gp14_C AGTGAGGGAGGAAGTGAGGGCATGGACTGGAGGCGGATAG 

pYM546 gp14_D TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM569 gp14_A ATCACCACCACCACATGGACTGGAGGCGGATAG 

pYM569 gp14_B CTCACTACCTCCACCTTCGCTACCTCCACCTTCTAACCTCAACATGTAA 

pYM569 gp14_C AGCGAAGGTGGAGGTAGTGAGATGGACTGGAGGCGGATAG 

pYM569 gp14_D TGAGGAGAAGGCGCGTCATTCTAACCTCAACATGTAAGG 

pYM635 gp14_For ACCACGGGGGCGGGGGCGTCCACTCTCCTTAGG 

pYM635 gp14_Rev CCTAAGGAGAGTGGACGCCCCCGCCCCCGTGGT 

pYM636 gp14_For CTGACGGTCGTTGTGGCCGAGGCTTATCTAGC 

pYM636 gp14_Rev GCTAGATAAGCCTCGGCCACAACGACCGTCAG 

pYM637 gp14_For TGTCTGGCACAAGGGGCAAGCCGAGGGGTGGCC 

pYM637 gp14_Rev GGCCACCCCTCGGCTTGCCCCTTGTGCCAGACA 

pYM638 gp14_For GATGAGCTCTACAAAATGGACTGGAGGCGGATAG 

pYM638 gp14_Rev GTGGTGGTGCTCGAGTCATTCTAACCTCAACATGTAAGG 

Linearization for 

pYM638_For 
CTCGAGCACCACCACCACCAC 

Linearization for 

pYM638_Rev 
TTTGTAGAGCTCATCCATGCC 

T7 TAATACGACTCACTATAGGG 
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T7_term CTAGTTATTGCTCAGCGGT 

Linearization for 

YSBL-LIC(-)_For 
CGCGCCTTCTCCTCACTGTTCCAGG 

Linearization for 

YSBL-LIC(-)_Rev 
TGTGGTGGTGGTGATGATGGCTGC 

Linearization for 

YSBL-LIC3C _For 
TTGCTGGTCCCTGGAACAGAACTTCC 

Linearization for 

YSBL-LIC3C _Rev 
CGCGCCTTCTCCTCACATATGGCTAGC 

Linearization for pET 

SUMO _For 
AGACAAGCTTAGGTATTTATTCGG 

Linearization for pET 

SUMO _Rev 
ACCACCAATCTGTTCTCTGTGA 

‘For’ indicates the forward primer, and ‘Rev’ indicates the reverse primer. Primers A-D 

for pYM537, pYM546 and pYM 569 are detailed in section 2.2.1.3.  

 

 

Appendix 2 Buffers used in solubility screens for phiKo gp14. 

No. Buffer composition 

1 50 mM Tris 7.5, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 

2 50 mM Tris 7.5, 10% glycerol, 0.5 M NaCl, 2 mM MgCl2 

3 50 mM Tris 7.5, 15% glycerol, 0.5 M NaCl, 2 mM MgCl2 

4 50 mM Tris 7.5, 5% glycerol, 0.25 M NaCl, 2 mM MgCl2 

5 50 mM HEPES 7.5, 10% glycerol, 0.5 M NaCl, 2 mM MgCl2 

6 50 mM HEPES 7.5, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 

7 50 mM Tris 7.5, 15% glycerol, 0.25 M NaCl, 2 mM MgCl2 

8 50 mM Tris 7.5, 10% glycerol, 0.25 M NaCl, 2 mM MgCl2 

9 50 mM HEPES 7.5, 5% glycerol, 0.25 M NaCl, 2 mM MgCl2 

10 50 mM HEPES 7.5, 10% glycerol, 0.25 M NaCl, 2 mM MgCl2 

11 50 mM HEPES 7.5, 15% glycerol, 0.25 M NaCl, 2 mM MgCl2 

12 0.25 M K-phosphate 7.5, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 

13 0.25 M K-phosphate7., 10% glycerol, 0.5 M NaCl, 2 mM MgCl2 

14 50 mM MES 6.0, 15% glycerol, 0.5 M NaCl, 2 mM MgCl2 
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15 50 mM Tris 7.5, 15% glycerol, 0.5 M NaCl, 2 mM MgSO4 

16 50 mM Tris 8.0, 5% glycerol, 0.5 M NaCl, 20 mM MgCl2 

 
 
 

Appendix 3 Buffers used for protein purification. 

Protein Construct Buffer 
name 

Buffer composition 

phiKo gp14 

pYM350 

Lysis buffer 50 mM Tris 7.5, 1 M NaCl, 10% glycerol and 5 mM 
DTT 

NAC 
binding 
buffer 

50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 20 mM 
imidazole and 1 mM DTT 

SEC buffer 20 mM Tris 7.5, 1 M NaCl, 10% glycerol, 0.2 mM 
DDM and 1 mM DTT 

pYM351 

Lysis buffer 50 mM Tris 8.0, 0.5 M NaCl, 5% glycerol, 20 mM 
MgCl2 and 5 mM DTT 

NAC 
binding 
buffer 

50 mM Tris 8.0, 0.5 M NaCl, 5% glycerol, 20 mM 
MgCl2, 30 mM imidazole and 2 mM DTT 

SEC buffer 20 mM Tris 8.0, 0.5 M NaCl, 5% glycerol, 20 mM 
MgCl2 and 2 mM DTT 

pYM409 

Lysis buffer 50 mM Tris 7.5, 0.5 M NaCl, 20 mM imidazole and 
2 mM DTT 

NAC 
binding 
buffer 

50 mM Tris 7.5, 0.5 M NaCl, 20 mM imidazole and 
2 mM DTT 

SEC buffer 20 mM Tris 7.5, 1 M NaCl, 0.07% OTG and 2 mM 
DTT 

pYM418 

Lysis buffer 50 mM Tris 8.0, 5% glycerol, 0.5 M NaCl, 20 mM 
MgCl2, 2 mM DTT and 20 mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 8.0, 5% glycerol, 0.5 M NaCl, 20 mM 
MgCl2, 2 mM DTT and 20 mM imidazole 

pYM419 

Lysis buffer 50 mM HEPES 7.0, 5% glycerol, 0.5 M NaCl, 20 
mM MgCl2, 2 mM DTT and 20 mM imidazole 

NAC 
binding 
buffer 

50 mM HEPES 7.0, 5% glycerol, 0.5 M NaCl, 20 
mM MgCl2, 2 mM DTT and 20 mM imidazole 

pYM537 

Lysis buffer 50 mM Tris 7.5, 5% glycerol, 1 M NaCl, 5 mM 
DTT and 20 mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 7.5, 5% glycerol, 1 M NaCl, 5 mM 
DTT and 20 mM imidazole 

pYM546 Lysis buffer 50 mM Tris 7.5, 5% glycerol, 1 M NaCl, 3 mM 
DTT and 20 mM imidazole 
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NAC 
binding 
buffer 

50 mM Tris 7.5, 5% glycerol, 1 M NaCl, 3 mM 
DTT and 20 mM imidazole 

pYM569 

Lysis buffer 50 mM Tris 8.0, 1 M NaCl, 2 mM DTT, 0.07% 
OTG and 20 mM imidazole 

NAC 
binding 
buffer 

20 mM Tris 8.0, 1 M NaCl, 2 mM DTT and 0.07% 
OTG 

pYM635 

Lysis buffer 50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 20 mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 20 mM imidazole 

SEC buffer 20 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 0.2 mM DDM 

pYM637 

Lysis buffer 50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 20 mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 20 mM imidazole 

SEC buffer 20 mM Tris 7.5, 1 M NaCl, 10% glycerol, 2 mM 
DTT and 0.2 mM DDM 

pYM638 

Lysis buffer 50 mM Tris 7.5, 1 M NaCl, 2 mM DTT and 20 
mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 7.5, 1 M NaCl, 2 mM DTT and 20 
mM imidazole 

SEC buffer 20 mM Tris 7.5, 0.5 M NaCl and 2 mM DTT 

IEC binding 
buffer 

50 mM Tris 7.5, 100 mM NaCl, 2 mM DTT 

Zika virus NS3 
helicase 

NS3h183-623 

Lysis buffer 20 mM Tris pH 7.5, 500 mM NaCl, 30 mM 
imidazole, 2 mM DTT 

NAC 
binding 
buffer 

20 mM Tris pH 7.5, 500 mM NaCl, 30 mM 
imidazole, 2 mM DTT 

SEC buffer 20 mM Tris 7.5, 300 mM NaCl, 2 mM DTT 

NS3h171-617 

Lysis buffer 50 mM Tris 7.5, 500 mM NaCl, 2 mM DTT, 20 
mM imidazole 

NAC 
binding 
buffer 

50 mM Tris 7.5, 500 mM NaCl, 2 mM DTT, 20 
mM imidazole 

SEC buffer 50 mM Tris 7.5, 300 mM NaCl,10% glycerol. 2 
mM DTT 

NAC stands for Nickel affinity chromatography; SEC is short for size exclusion 

chromatography and IEC indicates ion-exchange chromatography. 
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Appendix 4 Disorder prediction of phiKo gp14 protein by PrDOS. 

The full-length sequence of phiKo gp14 protein was used for the prediction in web 

server PrDOS (186).  

 
 
 

 

Appendix 5 Phosphate  standard curve for Malachite green assay. 

The standard procedure was applied to the samples containing 0.2 nmols to 2.0 nmols 

inorganic phosphate per well. KH2PO4 solution was used for the measurements. 

 

 

Appendix 6 DNA and RNA oligos used in this study. 

Name Sequence (5’ ® 3’) fluorescence 
label 

12-mer dsDNA CCTACGCGTAGG No 
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16bp dsDNA 
For: ACCAGGGCAGGGCGAC 

Rev: GTCGCCCTGCCCTGGT 

5’ end of forward 
strand was labelled 
with Cy5 

30bp dsDNA 
For: ACGCTGGCTAAAGGGAAGGGCAATGACGAG 

Rev: CTCGTCATTGCCCTTCCCTTTAGCCAGCGT 

5’ end of forward 
strand was labelled 
with Cy5 

20bp dsDNA 
For: GCAGGAGGACGTAGGGTAGG 

Rev: CCTACCCTACGTCCTCCTGC 

5’ end of forward 
strand was labelled 
with Cy5 

pRNA9 p-AGACUCCAU No 

ssRNA9 AGACUCCAU No 

Hairpin RNA 
with 3’ 9-mer 
overhang 

CUGGGAAACCAGAGACUCCAU No 

ssRNA20 GGGUACCGAGCUCGAAUUCG No 

ssRNA40 CGAAUUCGAGCUCGGGUACC-A20 No 

ssRNA55 CGAAUUCGAGCUCGGUACCC-U35 No 

F and R strands of each dsDNA were annealed at 95 °C for 10 min and slowly cool to RT to 

allow dsDNA formation; A20 stands for the sequence containing 20-mer polyA; U35 is the 

sequence containing 35-mer polyU. 

 
 
 

Appendix 7 Sequences of gp14 fusion constructs. 

> Full length gp14 

MDWRRIGHSDRVAVVGTTGAGKSTLLRAMMASRPWVLLYDPKGEWEGEEWLTVREAAKLPRK

PHPRVRYFPLPDELRDKEALDDFFWWAYYAKNLTVVVDEAYLATLAGAWLPPGYQACLAQGR

SRGVAVWTATQRPYKIPQTILSEAEHWFVFRLNAPQDRWAVHQWTGLDSRLISPENLPKRVW

YYVSEGQVYGPYMLRLE 

> N-terminal 6 ´ His His-tag 

MGSSHHHHHH 

> N-terminal 6 ´ His SUMO tag 

MGSSHHHHHHGSGLVPRGSASMSDSEVNQEAKPEVKPEVKPETHINLKVSDGSSEIFFKIKK

TTPLRRLMEAFAKRQGKEMDSLRFLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG 

> N-terminal 6 ´ His GFP-TEV tag 
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MGSSHHHHHHSSGLVPRGSHMASMTGGQQMGRGSEFELRRRENLYFQSLSKGEELFTGVVPI

LVELDGDVNGHKFSVRGEGEGDATNGKLTLKFICTTGKLPVPWPTLVTTLTYGVQCFSRYPD

HMKQHDFFKSAMPEGYVQERTISFKDDGTYKTRAEVKFEGDTLVNRIELKGIDFKEDGNILG

HKLEYNFNSHNVYITADKQKNGIKANFKIRHNVEDGSVQLADHYQQNTPIGDGPVLLPDNHY

LSTQSVLSKDPNEKRDHMVLLEFVTAAGITHGMDELYKSEGGGSE 

*The 6 ´ His tag is highlighted in bold and the linker between GFP and phiKo gp14 is 

highlighted in bold and with underscore. 

 
 
 
 

 
 

Appendix 8 The path-length curve for NADH-coupled microplate photometric assay. 

Path-lengths for different fill volumes were calculated from single absorbance readings 

using the molar absorption coefficient for NADH in water (6,200 OD ´ mol-1 ´ cm-1) as a 

reference. Added 12.5, 25, 37.5, 50, 62.5 and 75 nmols (i.e. 50 µl, 100 µl, 150 µl, 200 µl, 

250 µl and 300 µl of 250 µM) NADH in wells on a flat bottom 96 well plate, respectively. 

The absorbance at wavelength of 340 nm (A340) of each well were recorded. Each 

concentration has three replicates. The molar absorption coefficient for NADH in water is 

6,200 OD × mol-1 × cm-1. The pathlength of well (cm) = A340 / final NADH concentration 

/ 6,200 OD × mol-1 × cm-1. 

 

Appendix 9 List of buffers for NS3h183-623 solubility test. 

No. Buffers Solubility 

1 50 mM Tris 8.0, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 Y 

2 50 mM Tris 8.0, 5% glycerol, 0.25 M NaCl, 2 mM MgCl2 Y 
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3 50 mM Tris 8.0, 5% glycerol, 0.5 M NaCl, 20 mM MgCl2 Y 

4 50 mM Tris 8.0, 5% glycerol, 0.25 M Na2SO4, 20 mM MgCl2 Y 

5 50 mM Tris 8.0, 5% glycerol, 0.5 M Na2SO4 Y 

6 50 mM Tris 8.0, 5% glycerol, 1 M NaCl Y 

7 50 mM HEPES 7.0, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 Y 

8 50 mM HEPES 7.0, 5% glycerol, 0.25 M Na2SO4, 2 mM MgCl2 Y 

9 50 mM HEPES 7.0, 5% glycerol, 0.5 M NaCl, 20 mM MgCl2 Y 

10 50 mM HEPES 7.0, 5% glycerol, 0.25 M Na2SO4, 20 mM MgCl2 Y 

11 0.25 M K-phosphate 7.5, 5% glycerol, 0.5 M NaCl, 20mM MgCl2 Y 

12 0.25 M K-phosphate 7.5, 5% glycerol, 0.25 M Na2SO4, 20mM MgCl2 Y 

13 0.25 M K-phosphate 7.5, 5% glycerol, 0.5 M NaCl, 2 mM MgCl2 Y 

14 0.25 M K-phosphate 7.5, 5% glycerol, 0.25 M Na2SO4, 2 mM MgCl2 Y 

15 50 mM MES 6.0, 5% glycerol, 0.5 M NaCl, 20 mM MgCl2 Y 

16 50 mM MES 6.0, 5% glycerol, 0.25 M Na2SO4,20 mM MgCl2 Y 

17 50 mM Na-citrate 4.0, 5% glycerol, 0.5 M NaCl, 20 mM MgCl2 N 

18 50 mM Na-citrate 4.0, 5% glycerol, 0.25 M Na2SO4, 20 mM MgCl2 N 

19 50 mM Tris 7.5, 5% glycerol, 1 M NaCl Y 

20 50 mM Tris 7.5, 1 M NaCl Y 

Y – target protein was soluble in this buffer, N – target protein was not soluble in this 

buffer. 
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Appendix 10 Comparison of NS3h-pRNA9, Hel308-DNA and PcrA-DNA complex 

structures. 

Overall structure comparison of NS3h-pRNA9 (PDB code 5MFX, this work), Hel308 SF2 

helicase [PDB code 2P6R, (241)] and PcrA SF1 helicase [PDB code 3PJR, (78)]. The 

conserved RecA-like domains 1 and 2 are in green and yellow, respectively. The domain 3 is 

in coral. Proteins are shown in ribbon. Nucleic acids are in grey. The b-hairpin is highlighted 

in magenta.  

 



 173 

 

Appendix 11 Comparisons of ZIKV, DENV and HCV NS3h-RNA/DNA complex 

structures. 

Left panel. Overlay NS3h-pRNA9 structures of ZIKV (PDB code 5MFX, this work) is in gold 

and the ZIKV NS3-ssRNA [PDB code 5GJB (247)], DENV [PDB code 2JLQ and 5XC6 (79, 

265)] are in brown and dark green, respectively, and HCV NS3h-DNA/RNA complexes [PDB 

code 3KQK and 3O8C (109, 240)] are in light blue and green. The conserved aspartate and 

arginine/lysine, as well as the W501 (in HCV NS3h) that is thought to act as a ‘ratchet’ for 

DNA translocation, are shown as sticks.  
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Appendix 12 Predicted secondary structure of the partially duplexed hairpin RNA. 

The secondary structure of the partially duplexed (21-mer) hairpin RNA with 9-mer 3’ 

overhang was predicted by Mfold web server (272). The RNA oligo was dissolved in buffer 

containing 10 mM HEPES 7.5, 100 mM NaCl and 0.5 mM EDTA. The annealing experiment 

was performed by heating the sample of 1 mM RNA at 95 °C for 5 min and then placing the 

RNA sample on ice for 15 min. 

 
 
 
 

 

Appendix 13 Domain movements of DENV and HCV NS3hs upon nucleotide binding. 

a. Overlay of DENV NS3h-AMPPNP complex [light green, PDB code 2JLR,  (79)] and its 

apo form [grey, PDB code 2JLQ, (79)]; b. Overlay of HCV NS3h-ADP-AlF4
- [khaki, PDB 

code 5E4F, (253)] and its apo form [cyan, PDB code 3O8B, (240)]. Structures were 

superposed on domain 1.  

 

Appendix 14 List of protein complex structures with MgF3
- bound. 

PDB 
code 

Space 
group Protein name Resolution References 

4C4R P212121 β-Phosphoglucomutase (βPGM) 1.10 Å (211) 

2WF5 P212121 β-Phosphoglucomutase (βPGM) 1.30 Å (273) 

5OLX P212121 β-Phosphoglucomutase (βPGM) 1.38 Å (274) 

2WZB P212121 Human phosphoglycerate kinase 1.47 Å (260) 

4C4S P212121 β-Phosphoglucomutase (βPGM) 1.50 Å (211) 

5JAJ P212121 LGP2 (RNA binding protein) 1.50 Å (275) 
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3MSX C2 2 21 RhoA GTPase 1.65 Å unpublished 

4NV0 P 1 21 1 Cytosolic 5'-nucleotidase IIIB (cN-
IIIB) 1.65 Å (276) 

5IRC P212121 RhoA GTPase 1.72 Å (277) 

4DLC P 43 21 2 Trypanosoma brucei dUTPase 1.76 Å (278) 

1OW3 P212121 RhoA GTPase 1.80 Å (228) 

3T9E P212121 
Human diphosphoinositol 
pentakisphosphate kinase 2 
(PPIP5K2) 

1.90 Å (279) 

3QHW P 1 21 1 CDK2 Kinase 1.91 Å (280) 

3ZOZ P212121 Human Phosphoglycerate Kinase 1.95 Å unpublished 

5OLY P 1 21 1 β-Phosphoglucomutase (βPGM) 2.00 Å (274) 

3QHR P 1 21 1 CDK2 Kinase  2.17 Å (280) 

2IS6 P 1 21 1 UvrD helicase 2.20 Å (251) 

5HPY P212121 RhoA GTPase 2.40 Å (281) 

5M6X P 1 21 1 RhoA GTPase 2.40 Å (282) 

4BEW P212121 Sarcoplasmic/endoplasmic reticulum 
calcium ATPase 1 2.50 Å unpublished 

5MPM P 1 21 1 Sarcoplasmic reticulum Ca2+-ATPase 3.30 Å unpublished 

4JSV P212121 mTOR kinase 3.50 Å (283) 

4BEV P212121 Copper efflux ATPase 3.58 Å unpublished 

3JBZ - ATM kinase 28.0 Å (284) 
24 entries for the MgF3

- (PDB ligand code: MGF) available in the PDB database in May 2019 

are listed in the table, 19 of the 24 entries have better than 2.50 Å resolution. 
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Abbreviations 

AEBSF  4-(2-Aminoethyl) benzenesulfonyl fluoride 

ADP  Adenosine-5'-diphosphate 

APS  Ammonium persulphate 

ATP  Adenosine-5'-triphosphate 

BSA  Bovine serum albumin 

DDM  n-Dodecyl-B-D-Maltoside 

DNA  Deoxyribonucleic acid 

dsDNA  Double-stranded deoxyribonucleic acid 

dNTP  Deoxyribonucleotides dATP, dTTP, dCTP and dGTP 

DTT  Dithiothreitol 

EDTA  Ethylenediaminetetraacetic acid 

FT  Flow through 

GF  Gel filtration 

gp  gene product 

GSA  Ground state analogue 

HEPES  4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 

LB medium Luria-Bertani medium 

MES  2-(N-Morpholino) ethanesulfonic acid 

MPD  2-methylpentane-2,4-diol 

NMR  Nuclear magnetic resonance 

OD600  Optical density at 600 nm 

OTG  n-Octyl beta-D-thioglucopyranoside  

PAGE  Polyacrylamide gel electrophoresis 

PCR  Polymerase chain reaction 

PDB  Protein Data Bank 

PEG  Polyethylene glycol 
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RNA  Ribonucleic acid 

SDS  Sodium dodecyl sulfate 

ssRNA  Single-stranded ribonucleic acid 

SEC  Size exclusion chromatography 

TCEP  Tris (2-carboxyethyl) phosphine 

TEMED N,N,N′,N′-Tetramethylethylenediamine 

SOC  Super Optimal broth with Catabolite repression, a nutritionally rich bacterial 

culture medium 

Tris  Tris(hydroxymethyl)aminomethane  

TSA  Transition state analogue 

Tonset  Onset temperature  

Tm1  First thermal unfolding transition midpoint 

Tm2  Second thermal unfolding transition midpoint 

WT  Wild type 
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