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Abstract 

 

Retroviruses cause immunological disorders and cancers in many vertebrate species. Formation 

of immature retroviral particles is driven by the Gag polyprotein. Subsequent cleavage of Gag by 

the viral protease, releases the capsid protein (CA), and leads to formation of the mature and 

infectious virion. High-resolution images of immature particles were lacking at the onset of this 

project. To understand how Gag packs within the immature virion, we carried out X-ray 

crystallographic investigations on truncated variants of the Rous Sarcoma Virus (RSV) Gag 

protein. This structural analysis confirmed existing models, and highlighted the intrinsic 

flexibility of the sequences tethering Gag subunits together, which may contribute to the 

observed structural heterogeneity of the immature particle. The physical forces driving assembly 

of mature RSV CA, were also investigated using in vitro assembly protocols coupled with site-

directed mutagenesis. We found that near-physiological temperatures trigger in vitro assembly of 

CA hexamer tubes that effectively model the mature capsid surface. Assembly is strongly 

modulated by charge-charge interactions, and is a nucleated process that remains 

thermodynamically favored at lower temperatures, but is effectively arrested by the large energy 

barrier associated with nucleation. 

The mammalian genome contains a number of Gag homologs believed to be historically 

domesticated from retroviruses or LTR retroelements. LTR retroelements are transposable 

genetic sequences anciently related to retroviruses and are thought to have contributed 

significantly to the evolution of higher eukaryotes. Domesticated Gag-like proteins play critical 

roles in essential biological processes. Abnormalities in the production of these proteins are 

linked to a wide range of disorders such as autism spectrum disorders, cancers and embryonic 

malformations. The properties of these proteins are surprisingly understudied. Therefore, in vitro 

characterization of 4 human Gag-like proteins was carried out, in attempt to clarify the nature of 

their relationship with the ancestral Gag polyprotein and to illuminate some fundamental aspects 

of their neofunctionalization. Biophysical and biochemical experiments established that several 

of these Gag homologs have retained a multi-domain architecture and has the ability to drive 

particle assembly, similar to the retroviral Gag protein. CA-like domains from several of the Gag 

homologs were isolated and crystallized, and X-ray diffraction data collected, although the 

structures have not yet been resolved. 
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TCEP tris(2-carboxyethyl)phosphine 

TEM Transmission Electron Microscopy 

TEMED 4,4,4’,4-tetramethylethylenediamine 
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Chapter 1: Introduction 

1  

1.1 Retroviruses 

Retroviruses are enveloped viruses that carry a diploid single-stranded RNA genome, 7-12 kilo 

bases in length. Retroviruses have been isolated from a wide range of vertebrate species and are 

known to cause a variety of immunological disorders (such as AIDS) and cancers (such as T-cell 

leukemia). Little was known about the evolutionary history of retroviruses, however recent 

advances in genomics and bioinformatics have established that these species are quite ancient, 

originating between 460 and 550 million years ago 1. Study of retroviruses has led to remarkable 

developments in our understanding of basic cell biology and the oncogenic process. The 

emergence of HIV, in the latter part of the 20th Century, made clear that retroviruses had the 

potential to wreak havoc on the human population. While intensive research has led to the 

development of effective treatments for the management of HIV infection, there is no cure yet. 

Therefore, it remains necessary to deepen our understanding of these pathogens and their place 

in our evolutionary development.  

 

1.1.1 The genomic structure of a retrovirus 

All retroviruses encode for three canonical open reading frames (ORFs; Figure 1) or genes 

(reviewed in  2). The first gene encodes for the Gag (group specific antigen) polyprotein, which is 

post-translationally cleaved into the three main structural proteins of the mature virus: the matrix 

(MA), capsid (CA) and nucleocapsid (NC) proteins. The second polyprotein Pol is also post-

translationally cleaved, giving rise to enzymatic proteins critical for viral replication namely the 

reverse transcriptase (RT) and integrase (IN). The viral protease (Pr), which cleaves the viral 

polyproteins, is usually associated with Pol, but sometimes coded by an independent ORF or 

appended to the Gag gene. Finally, the envelope precursor protein Env encodes for the 

transmembrane (TM) and surface (SU) glycoproteins, which are incorporated into the membrane 

of the nascent viral particles and are critical for cell entry. Some retroviruses code for additional 

regulatory proteins, in addition to these genes. For example, in HIV expression of the rev and tat 

genes regulates viral gene transcription and translation. The genome of a retrovirus is flanked on 

both sides by non-coding long terminal repeat (LTR) elements, which are essential for certain 

steps in their replication cycle. 
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Figure 1: The general structure of a retroviral genome.  
Each retrovirus codes for three main open reading frames (ORFs): Gag, Pol and Env (red). Non-coding sequences 
(yellow) flanking the ORFs are important for the replication cycle of the virus. 
 

1.1.2 The general structure of the retrovirus particle 

A retroviral particle has two forms: the immature form and the mature form. Transition from 

the former to the latter requires cleavage of the Gag polyprotein by the viral protease (Pr), 

resulting in release of the component canonical proteins and restructuring of the capsid shell in a 

process termed “maturation” (Section 1.1.5). Despite limited sequence similarity, Gag proteins 

from all orthoretroviruses have similar architecture. Gag is composed of three canonical proteins 

connected by flexible linkers: matrix (MA) at the N-terminus, capsid (CA) in the middle, and 

nucleocapsid (NC) at the C-terminus (Figure 2.A). The sequences that separate these canonical 

proteins differ between retroviruses, and may also have defined functional roles (Figure 2.A). For 

example, in alpharetroviruses like RSV, and lentiviruses like HIV-1, CA and NC are separated by 

a short and hydrophobic spacer peptide, which is critical for immature particle formation. In 

RSV, an additional peptide found upstream of RSV CA (termed “p10”) also has a structural role 

in particle assembly (Chapter 3). Within the immature retroviral particle (Figure 2.B), ~2000 rod-

shaped molecules of Gag are radially arranged, having their N-termini (the MA domain) pointing 

outwards and interacting with the viral envelope, and their C-termini (the NC domain) pointing 

towards the centre of the particle and interacting with the genomic RNA. In the mature form of 

a retrovirus MA remains associated with the viral envelope, CA builds the protein shell and NC 

condenses around the genomic RNA in the centre of the particle (Figure 2.B). The structure of 

the capsid protein (CA), which forms the most essential interactions in building both the 

immature and mature cores, has been determined at high resolution (Figure 3). 



 

 

16 

 
Figure 2: The domain structure of the retroviral Gag and its arrangement in the retroviral particle. 
(A) Schematic diagram showing the canonical three proteins of Gag, and Gag from alpharetroviruses (RSV) and 
lentiviruses (HIV). Colored boxes represent proteins within Gag polyprotein. The capsid protein (CA) has an N– 
and C-terminal domain (CANTD and CACTD). (B) Schematic representation and electron micrograph images of the 
two forms of the retroviral particle. Radial arrangement of Gag polyprotein inside the enveloped immature 
retrovirus particle (left). The maturation process, which involves proteolytic cleavage of Gag, results in 
morphological changes and formation of the mature core (right). Env represents the retroviral envelope proteins. 
Figure 2.B was adapted from Zhang et al. 3 and Frank et al. 4, licensed under the terms of the Creative Commons 
Attribution License (http://creativecommons.org/licenses/by/4.0). © 1946 – 2014: Verlag der Zeitschrift für 
Naturforschung. 
 

 

Figure 3: Tertiary structure of 
mature, processed CA. 
A flexible linker connects the 
predominantly alpha-helical NTD 
and CTD of the capsid protein. A β-
hairpin (yellow) is formed via a salt 
bridge between the N-terminal 
Proline residue and a completely 
conserved aspartate in helix 3. The 
figure shows the capsid protein of 
Rous Sarcoma Virus (PDBID 1EM9 
and 3G1I) – the fold is highly 
conserved among all ortho-
retroviruses. 
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1.1.3 The Replication Cycle of Retroviruses  

The replication cycle of a retrovirus is conveniently divided into two phases: early and late 

(reviewed in 5,6). Figure 4 outlines the basic aspects of the replication cycle, which are described 

in more detail below. 

 

 
Figure 4 Simplified illustration of the retroviral replication cycle. 
Interaction of virus envelope proteins with host receptors activates fusion of cell and virus membranes. Following 
entry, disassembly of the viral core (“uncoating”) and reverse transcription of genomic RNA takes place. The 
reverse-transcribed viral DNA is transported into the nucleus where it is integrated into the host genome. The 
integrated provirus uses cellular machinery to transcribe viral RNA and translate viral proteins. Assembled virus 
particles bud off from the cell and proteolytic cleavage leads to a fundamental structural rearrangement, generating 
the mature and infectious virion. Reprinted by permission from Springer Nature: Nature Reviews Microbiology, 
Nisole et al. 7, copyright 2005. 
 

During the early phase of the replication cycle, the retrovirus attaches to a host cell through 

surface-receptor interactions which ultimately leads to entry of the virus core into the cytoplasm 

(reviewed in 8). Entry of the core is facilitated through fusion of the viral and cellular 

membranes, either directly at the cell surface or at an endosomal membrane. Binding of the viral 

surface (SU) glycoprotein with specific cellular receptor, for example CD4 on T cells in the case 

of HIV infection, triggers conformational changes in the viral transmembrane (TM) glycoprotein 

leading to fusion of viral and cellular membranes. In some retroviruses, Avian Sarcoma Leukosis 
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Virus (ASLV) for example, endosomal acidification is required in activation of membrane fusion. 

In other retroviruses, such as HIV, both pathways (cell surface or intracellular) may be utilized 

for entry. Controversies relating to retrovirus entry still remain and further details are still yet to 

be uncovered. 

Following entry, the external protein shell of the mature viral core dissociates, in what 

appears to be a tightly regulated uncoating process, releasing the viral genome into the infected 

cell. The process is essential for the infectivity of a retrovirus and seem to be linked to reverse 

transcription and nuclear import of the pre-integration complex (PIC), and is regulated by 

cellular factors (reviewed in 9,10). The mechanism is most extensively investigated in HIV. 

Cellular factors, such as TRIM-CypA and TRIM5α, have been proposed to modulate HIV-1 

uncoating 11 and proper capsid stability is essential for the uncoating process 12. Details of the 

location, timing, sequence and regulation of this process are still to be elucidated. Recently, 

multicolored fluorescently-labelled infectious HIV virions have been constructed and their 

dynamic disassociation has been tracked using single particle imaging 13. This has resulted in the 

development of a model where the core with the matrix attached transports within the cytoplasm 

as the matrix-capsid shell progressively disintegrates and reverse transcription initiates. At a 

certain point between the cell membrane and the nucleus an opening is created in the matrix-

capsid shell to release the pre-integration complex (PIC). Subsequently, complete disassociation 

of the matrix-capsid shell follows. Despite what is known, this field is still at its early stages and 

many aspects are poorly understood. This is partly due to the limitations in the techniques that 

track the sequential disassembly process of a probed retrovirus particle without compromising 

infectivity. 

Irrespective of timing, during or after uncoating, the viral reverse transcriptase (RT) 

reverse transcribes the viral genomic RNA into double stranded DNA. The reverse transcribed 

viral genome is then transported into the nucleus and is inserted into the host genome by the 

viral integrase (IN) enzyme. Amongst viruses, integration into host chromosomes is a unique 

property of retroviruses, which leads to the permanent presence of the integrated viral genome 

(termed the provirus) in the host cell. 

During the late phase of the retrovirus replication cycle, the integrated provirus is 

transcribed by cellular machinery into viral RNA, which is exported from the nucleus to be 

translated into viral proteins or packaged by newly assembling virus particles. The main 

structural retroviral polyprotein Gag plays the central role in directing the assembly of virus 

particles within the infected cell. Heterologous expression of Gag results in assembly and release 
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of immature virus-like particles from cells in the absence of other retroviral proteins 14. In the 

absence of nucleic acids, Gag is mainly monomeric, and adopts an extended rod-shaped or 

compact form, depending on the type of retrovirus 15-17. Gag initiates self-assembly using 

nucleic acid and/or the membrane as a scaffold 18. Upon interaction with nucleic acid (RNA) in 

the cytoplasm, NC-RNA-NC and CA–CA interactions mediate Gag oligomerization, which 

mediates assembly of the immature particle (Figure 1).  

The newly assembled immature virus particles, which are non-infectious, leave the host 

cell through the process of budding, acquiring part of the cellular membrane as they do so. 

During, or subsequent to budding, proteolytic cleavage by the viral protease (PR) leads to the 

formation of the “mature” retroviral core (reviewed in 19). This is the infectious form of a 

retrovirus, which is capable of reinitiating the replication cycle when it encounters another 

susceptible and permissive cell. CA, is involved in multiple steps of the retroviral life cycle 

(reviewed in 20), both at the early and late stages, such as core disassembly, recognition by host 

restriction factors, reverse transcription, import into the nucleus, integration, and directing the 

assembly of the nascent immature retrovirus particle and the reconstructed mature core. 

Therefore, CA is an attractive target for antiviral therapeutics 21,22. Chapters 3 and 4 of this 

thesis detail work performed on the Gag polyprotein, and mature CA, the proteins that are 

central to formation of immature and mature retroviral particles, respectively. 

 

1.1.4 Structure of Gag lattice within the immature core 

CA forms the most essential interactions in building both the immature and mature cores. Based 

on mutagenic studies, the CA-CTD is believed to form the most stabilizing interactions within 

the immature core 23-25, whereas in the mature core both NTD and CTD clearly work in concert 

to create the mature lattice (Section 1.1.7). At the time this thesis work was initiated, low-

resolution studies of immature retroviral particles, using cryo-electron tomography together with 

subtomogram averaging 26,27, showed that the immature core is built from an incomplete and 

partially-ordered lattice of Gag hexamers (Figure 5). The CA-NTD was suggested to form the 

prominent hexameric rings around large holes (Figure 5.A; blue), with the CA-CTD arrayed 

underneath at the 2-fold densities, where the rings meet (Figure 5.A; green). Below the CA lattice 

in reconstructed RSV and HIV particles, there is a column of density surrounding the six-fold 

symmetry axis (Figure 5.A, red). This feature was interpreted to be a six-helix bundle, resulting 

from the hydrophobic spacer peptide, in alignment with earlier proposals (see for example 28). 
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The feature is not observed in reconstructions of assembled MPMV Gag, which does not have a 

spacer peptide in between its CA and NC domains (reviewed in 29,30). Recent studies uncovering 

further details of the molecular interactions involved in building the immature lattice are 

discussed in Chapter 3. 

 

 
 
Figure 5 Immature particles are made of Gag hexamers.  
(A) The highest resolution image reconstruction that was available at the onset of this PhD project, derived from 
the Gag hexamer within the immature particle of three different retroviruses. Images showing top view (top panel) 
and side view (lower panel) of a Gag hexamer within the particle. The colors represent arrangement of the different 
domains of Gag: CA-NTD; blue, CA-CTD; green, SP; red, NC-RNA; grey. (B) A model derived from low 
resolution tomography of authentic viral cores showing the incomplete Gag lattice arranged in hexagonal building 
blocks. Figure 5.A is from De Marco et al. 27, used with permission. Copyright © 2010, American Society for 
Microbiology, Journal of Virology, vol. 84, p 11729-11736, doi:10.1128/JVI.01423-10. Figure 5.B is from Briggs et 
al. 26  (no permission is required for noncommercial and educational use of PNAS figures and tables). 
 
 

1.1.5! Proteolytic cleavage and maturation 

Activation of the retroviral protease initiates the process of core maturation, which leads to 

significant structural rearrangement of the viral particle (reviewed in 19). Not much is known 

about how activation takes place, but it is thought to be linked to budding (see for example 31,32, 

and reviewed in 33). The kinetics of cleavage are central to correct formation of the infectious 

mature core. MA and NC are released during the initial stages of proteolysis. During the late 

stages of proteolysis, CA is released from the downstream spacer peptide. Changes in the 

sequence of cleavages results in defective virus and morphological abnormalities 34-40. 

Maturation is a major target of current retroviral therapies (reviewed in 41). 

plete Gag lattice underneath the plasma membrane, as previously
reported (13, 14). As a complementary approach, immature-like
particles lacking a membrane were produced by in vitro assembly
of a bacterially expressed Gag protein, missing most of the MA and
the entire p6 domain, and analyzed in parallel. These particles,
which are known to exhibit the same protein lattice as immature
HIV-1 (11), were substantially more complete than immature
viruses produced in tissue culture (Fig. 1B).

To obtain detailed information about the local and global
structure of the Gag lattice, subtomograms containing small regions
of the membrane and underlying density were extracted from the
tomograms and subjected to alignment and averaging procedures.
These procedures provide 2 types of output describing the Gag
lattice structure. Firstly, the final averaged reconstruction reveals
the local structure of the Gag lattice at a resolution sufficient to
visualize individual protein domains. Secondly, the final positions of
the subtomograms after translation and rotation reveal the global
arrangement of Gag. Comparison of the global arrangement and
the local structure can be used to verify the success of the alignment
procedures.

Global Arrangement of the Lattice. Global lattice maps of immature
HIV-1 particles purified from the medium of cultured cells were
created by placing hexamers at the final positions and orientations
to which the alignment converged (Fig. 2A). This provided a visual
representation of the positions of the Gag hexamers within a
particular virus particle. All particles observed were substantially in-
complete, with large parts of the viral surface lacking an ordered
arrangement of Gag. Inspection of the large, disordered regions in the
original tomograms showed no significant protein density underneath
the membrane, confirming that this disorder results from the absence
of Gag, and not from the presence of disordered Gag.

A uniform, extended, hexameric lattice is flat. Curvature of a
hexameric lattice can be achieved by the insertion of pentameric
defects, as is the case in the mature viral core, or by breaking the
uniformity of the lattice in other ways. Inspection of the ordered
regions in the immature virus particles showed that the area of
ordered Gag was made up of a single, interconnected hexameric
lattice in each virus particle. No agglomeration of small islands of
Gag protein was observed. Curvature in the hexameric lattice was
mediated by the incorporation of defects into the lattice. The
distribution of hexamers around the defects did not suggest any
preference for pentameric defects. Instead, defects adopted a
number of different geometries, as illustrated in Fig. 2B.

In-vitro-assembled Gag particles were subjected to the same
imaging and analysis procedures as the immature virus. Global
lattice maps of the in-vitro-assembled particles confirmed them to
be considerably more complete than the virus (Fig. 2C). Curvature

was again mediated by the incorporation of a range of differently
shaped defects (Fig. 2D) rather than by the exclusive incorporation
of pentameric defects.

Local Structure of the Lattice. The lipid bilayer in HIV-1 particles
appears different in areas where Gag is bound underneath, com-
pared with areas where no Gag is bound (Fig. 1A), which has been
suggested to represent a difference in the thickness of the bilayer
(13). To compare the membrane in the presence or absence of Gag,
the subtomograms extracted from the tomograms of immature
virus particles were segregated into 2 classes according to the
presence or absence of Gag (see SI Text). These 2 classes were
separately averaged (Fig. 3). The inner leaflet of the bilayer
appeared thicker in regions where a Gag lattice is present (Fig. 3
Left) than in regions where no Gag is bound to the membrane (Fig.
3 Right). This thickening is likely due to the presence of the
membrane-associated MA domain (Fig. 3, compare Left and Right).
No obvious difference in the separation of the inner and outer
leaflets was observed between the 2 reconstructions. The measured
separation of the leaflets in bilayer regions lacking Gag was 4 nm.
The apparent change in bilayer thickness seen in Fig. 1A and in
other published images (13) likely results from a combination of the

Fig. 1. Sections through tomograms of (A) immature virus particles and (B)
in-vitro-assembled Gag particles. Scale bar, 100 nm.

Fig. 2. Global lattice maps of HIV particles. Positions of hexameric unit cells are
marked with hexamers. Hexamers are colored according to cross-correlation on
a scale from low (red) to high (green). Maps are shown in perspective such that
hexamers on the rear surface of the particle appear smaller. (A) Lattice maps for
immatureHIVparticles.ThesideoftheparticletowardtheviewerlacksorderedGag.
(B) Close-up of defects in immature Gag lattice. (C) Lattice maps for in-vitro-
assembledGagparticles. (D)Close-upofdefects in in-vitro-assembledparticle lattice.

Briggs et al. PNAS ! July 7, 2009 ! vol. 106 ! no. 27 ! 11091
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1.1.6 Determining the architecture of the mature core using in vitro approaches 

It has been historically challenging to directly determine the structure of native virions, 

particularly at high resolution, due to the pleomorphic nature of the retroviral CA core (Figure 

6). Therefore, in vitro approaches have provided the most detailed insights into the molecular 

interactions underpinning core formation. Such approaches involve the development of in vitro 

CA assembly systems (reviewed in 42) and the subsequent application of structural methods such 

as X-Ray crystallography, solution-state and solid-state NMR spectroscopy. Further details on 

aspects of in vitro assembly can be found in Section 4.6. The fullerene model of the mature core 

was developed largely on the basis of such in vitro investigations (Figure 7). Under this model, the 

lattice is mainly built of CA hexamers with the incorporation of 12 pentamers relieving 

geometric frustration, and allowing closure of the capsid 43. Both the hexameric and the 

pentameric building blocks of the capsid have been directly visualized at high resolution 

(reviewed in 44). Using in vitro systems, the mature hexamer lattice has also been extensively 

studied for HIV-1 45-48, RSV 44,49 and Bovine leukemia virus (BLV) 50, while the CA-NTD 

arrangement has also been studied in Murine leukemia virus (MLV) 51,52. Structural studies of 

retroviral mature cores in situ are advancing in resolution 53 and have confirmed the basic 

molecular arrangement established by in vitro analysis, indicating that the arrangement of CA in 

mature retroviruses is well conserved. 

 

 
Figure 6: The pleomorphic nature of the retroviral CA core. 
Cryo-electron microscope images and cryo-electron tomography cross sections showing the pleomorphic nature of 
RSV (left) and HIV (right) cores. The scale bar is 100 nm. Reprinted from Kingston et al. 54 and Briggs et al. 55, 
Copyright (2001 and 2006), with permission from Elsevier. 
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Figure 7: The fullerene model of the mature retroviral capsid. 
The distinct morphologies of the capsid shell from different retroviruses (e.g. conical in HIV versus polyhedral in 
RSV) can be explained based on the fullerene model. Core morphology may be determined based on differences in 
the continuous curvature of the basic hexamer lattice and variations in positions of CA pentamers, which produce 
abrupt changes in curvature. Figure is adapted from Mattei et al. 19 licensed under the terms of the Creative 
Commons Attribution License ((http://creativecommons.org/licenses/by/4.0). 1879-6257/© 2016 The Authors. 
 

1.1.7 Interactions in the mature lattice 

There are three main interactions that build the mature CA lattice. The NTD-NTD interactions 

form the hexameric ring 47,48,50,56, and CTD-CTD connect the rings 46,48,57-59. An interface is 

also present between each CA-CTD and the CA-NTD of the neighbouring CA molecule in the 

hexameric ring 60. CA hexamers and pentamers are considered quasi-equivalent, because with 

some reconfiguration the same basic set of interactions create the CA pentamers that are 

inserted at variable positions in the authentic capsid 61. 

 

1.1.8 The maturation switches 

Two structural elements associated with proteolysis were proposed to be critical for the switch 

from immature to mature core assembly. The first involves the formation of a beta-hairpin at the 

N-terminus of CA, a structure which is not present in the immature Gag precursor, where the 

sequences that form the hairpin are part of the MA-CA linker. The second proposed switch 

involves the spacer peptide SP, the short polypeptide found between CA and NC in many 

retroviruses. The sequence forms a six-helix bundle essential for immature particle formation 

(Section 1.1.4). Oligomerization of the downstream NC domain triggered by binding to nucleic 

acid drives formation of the bundle. Maturation-associated cleavage at the SP-NC destabilizes 

the bundle and triggers mature capsid formation. For more details on the two proposed 

structural switches (see Section 3.1). 
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1.1.9 Models of core transition 

The mechanism by which the immature capsid transitions into the mature capsid is still in 

dispute. Two models have been proposed. A reconstructive mechanism is favoured by the 

majority of scientists in the field. In this model, the immature CA lattice disassembles upon 

cleavage, into monomers and/or small oligomers of CA, which subsequently reassociate to form 

the mature core 55,62-65. One line of evidence supporting this model is that only ~ two thirds of 

the CA population is assembled into the mature core 66-68 and no traces of the immature lattice 

have been detected in mature virions. The ability of purified CA to assemble into core-like 

particles in vitro attests the feasibility of a reconstructive mechanism. However, it has also been 

proposed that mature capsid formation involves a non-diffusional phase transition, in which the 

immature CA layer remains largely intact and continuously deforms to create the mature core 69. 

In the case of a displacive mechanism, it is difficult to understand how the defects in the 

immature lattice are corrected and the pentamers appropriately positioned. 

 

1.2 Retroelements 

Genomics studies have revealed that sequences related to retroviruses, termed “retroelements” 

are abundant in the genomes of many eukaryotes. Retroelements belong to the wider 

transposable elements (TE), which are the large group of mobile genetic sequences (“jumping 

genes”) that encompass both RNA-dependent elements (Retrotransposons or Retroelements) 

and RNA-independent elements (DNA transposons). Retroelements function via an RNA 

intermediate that is reverse-transcribed to DNA, by an encoded reverse transcriptase, and then 

integrated into a new location within the host genome by an integrase enzyme. Retroelements 

have been identified in diverse organisms from bacteria to humans and frequently constitute a 

substantial fraction of the genome, particularly in higher plants 70. There are many types of 

retroelements. Chapter 5 of this thesis focusses on proteins that are derived from “LTR”-

retrotransposons, and in particular, the Ty3/Gypsy family of LTR-retrotransposons. Ty3/Gypsy 

are ancient RNA-based self-replicating elements that are present in the animal, plant and fungal 

kingdoms and are considered ancestral to modern retroviruses, including HIV 71, as well as 

certain cellular genes 72,73. On the other hand, retroviruses are found strictly in vertebrates. 
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1.2.1 The life cycle of LTR-Retrotransposons 

LTR-retrotransposons share a common evolutionary ancestry with retroviruses, and there are 

some obvious genetic and organizational similarities (Figure 8). Indeed, retroviruses are 

sometimes classified as part of the LTR-retroelements 71,74. The genomic structure of 

Ty3/Gypsy LTR-retrotransposons resembles the retroviral genome. A full-length consensus 

LTR-retroelement genome (including retroviruses) is characterized by an internal translating 

region (Gag and Pol genes, and an Env gene when present) flanked by long terminal repeats 

(LTRs). In most cases, a retrotransposon does not code for an Env protein and consequently, 

the LTR-retrotransposons (Figure 8) must replicate intracellularly, where they continually re-

infect the host genome, unless restricted (reviewed in 75). For this reason, they are sometimes 

referred to as “genomic parasites”. However, a few LTR-retrotransposons have an Env-like 

ORF, indicating that the presence or absence of an Env gene is not itself completely diagnostic in 

discriminating between retroviruses and LTR-retrotransposons (reviewed in 74). This leaves 

phylogenetic analysis currently the main distinguishing feature between the two retroelement 

groups. 

 

 
Figure 8: Genomic structure and life cycle of Ty3/Gypsy in comparison to a retrovirus. 
A simplified illustration of the genomic structure and the intracellular life cycle of Ty3/Gypsy retrotransposon 
(right) in comparison to an exogenous retrovirus. The absence of the Env gene and the strictly intracellular life cycle 
of a Ty3/Gypsy retrotransposon distinguishes it from an infectious retrovirus. Figure adapted with permission of 
John Libby eurotext, from Beauclair et al. 76 (2012); permission conveyed through Copyright Clearance Center, Inc. 
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1.2.2 Insertions of LTR-retrotransposon or retroviral sequences into germline 

cells 

 

1.2.2.1 Genome sequencing and identification of TEs within the genome 

Advancements in molecular techniques have facilitated the complete genomic sequencing of 

many species. Analysis of whole genome sequences revealed some surprising facts. Almost half 

of the human genome consists of transposable elements 77. Amongst those, LTR and non-LTR 

retroelements constitute a significant proportion. The LTR-containing retroelements (8.3% of 

human genome) consist mainly of the human endogenous retroviruses (HERVs), with lesser 

contributions from other superfamilies of ancient and now non-functional LTR-

retrotransposons (MER4, MST and MLT; 77). HERVs are believed to be the result of integration 

of exogenous retroviruses into germline cells of mammals and other vertebrates 78. Such 

integrated copies of retroviruses, are transmitted vertically from generation to generation, just 

like retrotransposons 79. There are no known functional LTR retrotransposons in the 

mammalian genome, including the human genome 80-82. The non-LTR retrotransposons L1, Alu 

and SVA, which collectively account for approximately one-third of the human genome, are the 

only transposable elements currently known to be active in humans 83-85. 

 

1.2.2.2 Benefits of insertions 

There are detrimental, neutral and beneficial effects of insertions of these elements into the 

genome 77. For decades, transposable elements (including LTR and non-LTR retroelements and 

DNA transposons) were viewed as solely selfish genetic elements that provide no selective 

advantage to the host 86. Subsequently, they were revealed to be powerful drivers of gene and 

genome evolution at the level of both regulatory and coding potential (reviewed in 77 and 87). 

For example, TEs, including ERVs and LTR retrotransposons played a role in the emergence 

and diversification of placenta in mammals, by putting previously non-co-regulated genes under 

common specific regulations 88-90. LTR retroelements (ERVs and LTR retrotransposons) can 

also act as regulatory sequences (e.g. as promoters) for transcription of several host genes 91-93. 

Finally, retroviruses and retrotransposons have been the source of many vertebrate genes during 

the evolution of most eukaryotic lineages, a phenomenon called “molecular domestication” 94-98. 

For example, in human and other vertebrates various genes derived from Gag and Env genes, as 

well as from the integrase-coding and protease-coding sequences, have been identified 
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(summarized in Table 1). Those retroelement-derived genes are involved in many important 

biological processes including placenta formation, cognitive functions in the brain and immunity 

against retroelements, as well as in cell proliferation, apoptosis and cancer. The important 

functions of these genes suggest an essential role played by retroelements in the evolution and 

diversification of the vertebrate lineage. Such “domesticated” retroelement sequences have 

generally lost their ability to transpose through mutations, but show conservation of their open 

reading frame and genomic localization in different species. 
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Table 1: Examples of protein-coding genes derived from LTR retrotransposons and retroviruses in vertebrates* 

 
* Table was reprinted from Naville et al. 87, Copyright (2016), with permission from Elsevier. 

Ancestral 
coding 

sequences 
Gene/ gene family Ancestral retroelement Species/ lineage Functions / pathways Associated 

pathologies 

Gag MART/Sirh family 
  Peg10/Mart2 
  Peg11/Rtl1/Mart1 Ldoc1/ 
  Sirh7/Mart, Zcchc16/ 
  Mart4/Sirh11 
  etc. 

Ty3/Gypsy 
  Retrotransposon 
..(Sushi retrotransposon) 
 

Mammals Placenta formation (Peg10, Peg11, Ldoc1) 
brain cognitive functions (Zcchc16) 
adipocyte differentiation (Peg10) 
cell proliferation and apoptosis (Peg10, 
Peg11, Ldoc1)  

Placentomegaly in 
paternal uniparental 
disomy for 
chromosome 14 
(Peg11); Cancer 
(Peg10, Peg11, Ldoc1) 

 Ma/Pnma family Pnma4/    
Ma4/Map1/Maop1 
Pnma1/Ma1 Pnma10/SIZN1  
etc. 

Ty3/Gypsy retrotransposon 
(Gypsy12_DR-related 
retrotransposon) 

Mammals Cell proliferation and apoptosis (Pnma1, 
Pnma4) 

Paraneoplastic 
neurological disorders; 
X-linked mental 
retardation? (Pnma10) 

 SCAN family Mzf1, ZNF20688, 
ZNF202, NRIF, ZNF449, 
PW1/Peg3, etc. 

Ty3/Gypsy retrotransposon 
(Gmr1-like retrotransposon) 

Vertebrates Haematopoiesis (Mzf1); regulation of 
pluripotency of embryonic stem cells 
(ZNF20688); control of lipid metabolism 
(ZNF202); regulation of hippocampal 
neuronal cholesterol biosynthesis (NRIF); 
chondrogenesis (ZNF449); muscle stem 
cell behaviour, core body temperature, 
body fat and maternal behaviour (PW1/ 
Peg3); control of cells survival, 
proliferation and apoptosis, etc. 

Cancers (Mzf1) 

 Fv1 Endogenous murine retrovirus 
(MERV-L) 

Mouse Protection against infection by the murine 
leukaemia virus (MLV) 

? 

 enJS56A1, enJSRV-20 Jaagsiekte endogenous 
betaretrovirus (enJSRV) 

Sheep Protection against infection by retroviruses ? 

 Arc/Arg3.1 Ty3/Gypsy retrotransposon 
(Gypsy-26-I_DR-related 
retrotransposon) 

Mammals, amphibians Learning and memory in mammalian brain ? 

Integrase Gin-1, Gin-2 GIN transposons Gin-2: fish, amphibians, 
birds and reptiles; Gin-1: 
mammals, birds and 
reptiles 

Gastrulation in zebrafish (Gin-2)? ? 

CGIN1 Endogenous retrovirus (fusion 
with a gene) 

Mammals Resistance to retroviruses? ? 

Protease SASPase/ASPRV1  ? Mammals Maintenance of the epidermis ? 

DDI1, NIX1 ? Eukaryotes and 
prokaryotes 

Neuronal protein (NX1) ? 

Envelope Syncytins/ Fematrin-1  Endogenous retroviruses Mammals Placenta formation ? 

Fv-4 Murine leukaemia virus 
(MuLV) 

Mouse Restriction of infection by ecotropic 
MuLV 
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Many domesticated genes may still be undetected. Recently co-opted genes are not easily 

identified by comparative genomics, while those with a much longer evolutionary history have 

heavily diverged from their TE ancestors. And even for those that have already been identified 

(Table 1), there are many outstanding questions. Are neo-functionalizing mutations really 

required, or might the ancestral TE already carry beneficial functions before fixation through the 

loss of sequences necessary for transposition? Additionally, why do some specific biological 

pathways seem to be more prone to the recruitment of genes from LTR-retroelements? The 

upcoming wave of new genome sequences will help to answer these questions at the genetic 

level, allowing us to better understand how “parasitic” retroelements have contributed new genes 

for the emergence and diversification of the vertebrate lineage. Characterizing the products of 

these genes is undoubtedly needed to provide insight into their exact function and how these 

functions are related to those of the parental retrovirus or retrotransposon.  

 

1.3 Project aims and thesis outline 

This project had two main objectives that relate to the retroviral Gag protein and its mammalian 

homologs. The first objective was to advance our understanding of retroviral capsid assembly 

and its physical driving forces. Rous Sarcoma Virus (RSV), the prototypical avian retrovirus 

frequently used as a model system in retrovirology 99, was the focus of this work. The discovery 

of RSV is seen as a major milestone in the advancement of our understanding of molecular 

biology and medicine 99. The second objective was to characterize selected Gag homologs from 

the human genome which are believed to be historically domesticated from LTR retroelements. 

Such characterization is essential to identify conserved and diverged features of the domesticated 

proteins in comparison with their retroviral counterparts and gain deeper insight into the co-

evolution of retroviruses, retrotransposons and their hosts. 

At the outset of this project no high resolution structure of an immature retroviral capsid 

had been determined. X-ray crystallography allows a protein to be visualized at atomic resolution 

and we attempted to use this technique to gain more information about the molecular 

interactions that govern the assembly of the immature retrovirus. We used truncated variants of 

the RSV Gag protein in these studies, which aimed to achieve high resolution imaging of the 

species involved in immature particle formation. Results are presented in Chapter 3. 

Mutagenesis and in vitro assembly approaches were applied to further characterize the 

physical forces driving assembly of the mature RSV capsid protein. More specifically, the role of 

temperature and charge-charge interactions in the in vitro assembly of RSV CA were investigated. 
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Some of the approaches were also tested on the human immunodeficiency virus (HIV) capsid 

protein, to see if the conclusions could be generalized to the wider ortho-retrovirus group. These 

findings are presented in Chapter 4, with the majority of this work now also published 44. Gag is 

involved in multiple steps in the retrovirus life cycle and is an emerging target for antiretroviral 

therapy 41. Therefore, any insight gained into understanding the assembly of both the mature 

and immature retroviral cores may ultimately be useful for the development of effective antiviral 

drugs. 

Although there has been biochemical and functional characterization of a number of 

mammalian Gag homologs, the nature of their relationship with the parental Gag polyprotein is 

not well understood. The final chapter of the thesis (Chapter 5) describes efforts to characterize 

the in vitro properties of selected Gag homologs. The objective was to gain some insights into the 

process of Gag domestication, and to explore if properties of the ancestral Gag protein were 

maintained or lost during neo-functionalization. A range of biophysical and biochemical 

experimental techniques were employed in this work, and considerable progress was made 

toward 3D structure determination of several human Gag homologs.  

The overall aim of this project was therefore to provide functional and structural insight 

into the retroviral Gag protein and its domesticated homologs.  
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Chapter 2: Materials and Methods 

2  

2.1 Nucleic acid and protein data 

The NCBI 100 and Uniprot 101 databases were used to obtain DNA coding sequences and 

protein sequences, respectively. ProtParam from the ExPASy server 102 was used to calculate the 

molar mass, isoelectric point (IP) and extinction coefficient of proteins. A Plasmid Editor 

software (ApE, Wayne Davis, University of Utah) was used to inspect and translate DNA 

sequences, locate restriction sites, and design PCR primers. 

 

2.2 Methods for construction and mutagenesis of heterologous 

expression plasmids 

 

2.2.1 Standard polymerase chain reaction (PCR) 

Genes of interest were amplified using a standard PCR protocol (Table 2 and  

Table 3) using Takara PrimeSTAR® HS DNA polymerase [Clontech™]. PCR products were 

subjected to agarose gel electrophoresis (Section 2.2.3), for analysis and purification.  

 

Table 2: Components of a standard PCR 

Component Amount 

Template (plasmid or synthetic DNA fragment) 120-150 ng 

PrimeSTAR® buffer (5×) 10 μL 
Forward primer (10 μM) 1.5 μL 
Reverse primer (10 μM) 1.5 μL 
PrimeSTAR® dNTPs (mixture of 2.5 mM of each dNTP) 4 μL 
PrimeSTAR® polymerase (2.5 U/μL) 0.5 μL 
H2O To a total volume of 50 μL 
 
Table 3: PCR program 

Temperature (°C) Time Duration  
94 2  min  
94 15 sec 

30 × cycle 50/55/60 15 sec 
72 1 min 15 sec 
72 10 min  
10 Hold  
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2.2.2 Overlap extension PCR 

As an alternative to standard whole plasmid PCR-based mutagenesis (e.g. the QuickChange 

mutagenesis protocol), “overlap-extension PCR” 103 was used to introduce mutations into 

coding sequences. In the first round of this two-step procedure, overlapping gene segments were 

generated in two separate PCRs, using pairs of gene flanking and gene internal primers. The 

internal primers were designed to generate overlapping, complementary ends on the amplified 

gene segments, simultaneously introducing the desired deletion, insertion or substitution in the 

coding sequence. These first-round products were then used as template DNA in a second 

round of PCR, using only the flanking primers, thereby generating a full-length mutated product. 

The flanking primers included restriction sites to facilitate subsequent cloning of the final 

product into an expression vector. 

 

2.2.3 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to analyze DNA samples. Agarose gels (0.6-2.0 % w/v) 

were prepared by first dissolving 0.6-2.0 grams of agarose in 100 mL TAE buffer (Table 4) by 

heating the suspension in a microwave. Ethidium bromide was then added to a final 

concentration of 1 μg/mL and a comb with appropriate size and number of wells was then 

placed into the gel casting unit containing dissolved agarose. Once the agarose gel solidified, the 

comb was carefully removed and the gel was immersed into TAE buffer in an electrophoresis 

apparatus [Bio-Rad]. DNA samples were mixed with 6×DNA loading buffer (Table 4), loaded 

into wells and resolved by electrophoresis at 80-100 V for 30-90 minutes. 1 Kb Plus DNA ladder 

[Invitrogen] was used for size estimation of the DNA fragments. DNA was visualized and 

photographed by exposure to UV light using a Gel Doc™ UV-transilluminator system [Bio-

Rad]. 
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Table 4: Buffers used for agarose gel electrophoresis of DNA 
Buffer Components 

TAE buffer 
Tris, Acetic acid, EDTA buffer for 
agarose gel electrophoresis 

40 mM Tris-acetate, 1 mM disodium EDTA, pH 
8.0. 20 mM acetic acid 

6× DNA loading dye 0.25 % (w/v) bromophenol blue*, 0.25 % (w/v) 
xylene cyanol FF, 30 % (v/v) glycerol, in 10 mM 
Tris 1 mM EDTA buffer 

*In order to improve visibility of DNA upon exposure to UV light, bromophenol blue was sometimes substituted 
with Orange G if target DNA size was < 1000 base pairs. 
 

2.2.4 Preparation of DNA for Ligation 

Most expression plasmids in this project were generated by standard restriction-ligation cloning. 

The DNA fragment to be cloned into a bacterial expression vector was PCR-amplified using a 

plasmid or a commercially synthesized DNA fragment as a template. Primers used in PCRs were 

designed to have 5’ sequences that contain restriction enzyme sites to facilitate subsequent 

sticky-end ligation. PCR products were run on agarose gels with suitable agarose percentage in 

order to separate the target PCR product from other non-specifically amplified products. After 

electrophoresis, the gel section containing the target PCR product was excised using clean razor 

blades and the DNA was purified using a gel extraction kit [Qiagen]. Following purification, 

purified DNA fragments were digested with target enzymes to create the ligation overhangs. 

Restriction digests were also performed on plasmid DNA used as the vector in the ligation. 

Typically, 200 ng of insert DNA and 600 ng of vector DNA were digested. Restriction digests 

were set up in 1.5 mL centrifuge tubes and placed in Eppendorf’s thermoshaker set at 37 ºC for 

3-5 hours. The vector was subsequently subjected to a 5’ dephosphorylation using Shrimp 

alkaline phosphatase [NEB] in order to prevent self-ligation. Following enzyme treatments, 

DNA products (both insert and vector) were purified using a PCR clean up kit [Qiagen / 

Macherey Nagel] prior to ligation. 

 

2.2.5 Ligation 

Restriction-ligation cloning was used to insert genes of interest into vectors for recombinant 

expression. After restriction digestion and clean up (Section 2.2.4), vector and insert were ligated 

using 25-50 ng of vector DNA and ~100 ng of insert DNA (~ 1 Kb long), typically in a 10-20 

μL volume containing Quick ligation buffer (Table 5) and 1.5 μL T4 DNA ligase (Roche). 

Controls lacking insert were included to estimate the background levels of vector self-ligation or 
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undigested plasmid. Ligation reactions were assembled on ice, incubated at room temperature 

for 10-15 minutes then at 14 °C for ~16 hours. Following incubation, the whole ligation reaction 

mix was transformed into chemically competent E. coli DH5α cells (Section 2.2.6). 

 

Table 5: Composition of ligation buffer 
Reagent Composition 
2× Quick Ligation Buffer 132 mM Tris-HCl pH 7.5, 10 mM MgCl2, 10 mM DTT, 2 

mM ATP, 10 % (w/v) PEG 8000 
 

2.2.6 Transformation 

A standard transformation protocol was used to transfer DNA into chemically competent 

bacterial cells. E. coli DH5α cells were used for cloning while BL21 (DE3) or Rosetta™2 (DE3) 

were used for protein expression. Chemically-competent E. coli strains were prepared by MgCl2-

DMSO treatment and were cryopreserved with trehalose (200 mM) 104,105. For transformations, 

frozen chemically competent cells (in 300 μL aliquots) were thawed on ice and either 50-200 ng 

of plasmid DNA (usually <5 μL volume) or the whole ligation reaction (~25 μL volume) was 

added to the cells and gently mixed. After 30 minutes on ice, the cells were heat-shocked using a 

dry heat block [VWR International] for 30-60 seconds at 42 °C. Samples were then placed on ice 

to recover for 2 minutes before adding 400 μL of sterile LBG media (Table 6). Cells were then 

incubated at 37 °C for 45-60 minutes in a thermomixer [Eppendorf] shaking at 450-500 rpm. 

The cells were then centrifuged at 13,000 × g for 1 minute. The supernatant was decanted and 

the bacterial pellet was gently resuspended in the remaining LBG media (100-150 μL) and plated 

on LB-agar plates supplemented with ampicillin (Table 6) under sterile conditions. Agar plates 

were incubated at 37 °C for ~16 hours to allow growth of individual colonies. For plasmid 

amplification, liquid LBG sterile media with appropriate antibiotic was inoculated with a single 

colony from DH5α transformants and left to grow overnight. The next day commercial plasmid 

purification kits were used to purify plasmid DNA from the overnight cultures. 

 

Table 6: Standard growth media  
Media Components 

LB Lysogeny broth (LB). Pre-mixed LB broth base powder (Lennox L broth base, 
Invitrogen), was mixed with water according to the manufacturer's directions and 
autoclaved. The final formulation (per liter medium) contained 10 g peptone, 5 g 
yeast extract, 5 g NaCl. 

LBG LB medium with an additional 1 % (w/v) glycerol. 
LB-agar LB medium with the addition of 15 g per liter of Select agar [Invitrogen]. 
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2.2.7 Colony PCR for detection of cloned insert 

The components of a standard PCR used to screen for DH5α colony transformants that have 

insert DNA is detailed in Table 7. Using a Mastercycler® Gradient machine [Eppendorf], a 

typical PCR program for colony screening is detailed in Table 8. At the conclusion of the PCR, 

products were analyzed by agarose gel electrophoresis (Section 2.2.3) for the detection of 

plasmid containing insert DNA. Colonies testing “positive”, were liquid cultured and plasmids 

purified using a commercial kit, following the manufacturer’s protocol. Positive constructs 

(Section 2.3) were confirmed by DNA sequencing mainly at the Massey University Genome 

Service (Palmerston North, New Zealand), or in some cases at the University of Auckland DNA 

sequencing center. 

 

Table 7: Components of a PCR for colony screening 

Component Volume 
(μL) 

Bacterial liquid culture* 2 
PrimeSTAR® buffer (5×) 5 
PrimeSTAR® dNTPs (mixture of 2.5 
mM of each dNTP) 

2 

Forward primer (10 μM) 2.5 
Reverse primer (10 μM) 2.5 
PrimeSTAR® polymerase (2.5 U/μL) 0.25 
H2O 10.75 
*Bacterial liquid culture was obtained from inoculating single colonies from agar plates of DH5α cells transformed  
with ligation reactions and left to grow overnight at 37° C shaking at 180 rpm. 
 

Table 8: PCR program for colony screening 
Temperature (°C) Time duration  

94 2  min  
94 15 sec 

30× cycle 50 15 sec 
72 1 min 
72 10 min  
10 hold  

 

2.3 Constructs for heterologous protein expression in bacteria 

 

2.3.1 Constructs expressing Rous Sarcoma Virus (RSV) Gag variants 

All variants of RSV Gag (Prague C strain, Genbank Accession Number V01197) were expressed 

fused to the C-terminus of MBP, with an interleaving Tobacco Etch Virus (TEV) protease 
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cleavage sequence allowing subsequent release of Gag. The expression vector for these proteins 

was pMAL-NHis, a laboratory derivative of pMAL-c2x/p2x vector [NEB], that appends a 

polyHistidine to the N-terminus of MBP, and substitutes a SpeI restriction enzyme site for SacI 

within the multiple cloning site (MCS). The TEV protease cleavage sequence was introduced by 

the primers used in the PCR amplification of the Gag gene. Two constructs were created with 

N-terminal extensions to RSV CA or CA-NTD (Section 3.2.1). Nine further constructs were 

created with both N- and C-terminal extensions to RSV CA (Section 3.3.1), and an extrinsic 

(non-native) oligomerization domain at the C-terminus of the RSV Gag fragment. 

 

2.3.1.1 Constructs encoding RSV CA or CA-NTD with N-terminal extensions  

In these constructs the target polypeptide incorporates the last 25-29 amino acids of the p10 

domain, which is just upstream of CA in RSV Gag, and terminates at the C-terminus of CA or 

CA-NTD. The region of the p10 domain that is retained is critical for formation of the immature 

retroviral particle 106. The DNA coding sequence of the target polypeptide was cloned into 

pMAL-NHis by restriction-ligation using the flanking SpeI and HindIII sites at the 5’ and 3’ 

ends of the gene, respectively. Near the end of the MBP coding sequence, there is a SpeI site 

followed by a spacer and a TEV recognition sequence. These sequences were maintained in the 

cloned DNA fragment by including them in the primer used in the PCR to amplify target DNA 

sequence. In addition, a stop codon precedes the HindIII site at the 3’ end of the insert gene. 

 

2.3.1.2 Constructs encoding RSV CA with both N- and C-terminal extensions and an extrinsic 

oligomerization domain 

This series of constructs encompassed the last 24-29 amino acids of p10, CA, the spacer 

sequence (SP) and the first 4 amino acids of the nucleocapsid (NC). Following these native RSV 

Gag sequences, was a GS or a GSGS spacer and a dimerization, trimerization or hexamerisation 

domain (Chapter 3: Table 23). These extrinsic oligomerization motifs substituted for the natively 

occurring NC. To facilitate cloning, an intermediate vector (pSJ468) was created in which 

sequences coding for RSV Gag variant terminate at the 4th amino acid of NC, and a BamHI 

/HindII restriction site pairing follows. Fragments coding for a GS or a GSGS spacer followed 

by a dimerization, trimerization or hexamerization domain were synthesized by Integrated DNA 

Technologies (gBlocksTM Gene Fragments). The first GS spacer in each fragment codes for a 

BamHI site, and each fragment ends with a stop codon and a HindIII site. The sequences coding 
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the oligomerization domains were then inserted into BamHI-HindIII of pSJ468 via restriction-

ligation cloning. 

 

2.3.2 Constructs expressing wild type and mutant RSV and HIV CA 

RSV (Prague C strain) and HIV (type 1, NL4-3 strain) capsid proteins and variants were 

expressed using plasmids derived from pTXB1 [New England Biolabs Inc.]. The E. coli 

expression vector pTXB1 allows the fusion of the C-terminus of the target protein to the N-

terminus of a modified Mycobacterium xenopi (MXe) GyrA self-cleavable intein tag. A chitin-

binding domain (CBD) at the C-terminus of MXe GyrA intein in pTXB1 facilitates pull-down of 

fusion protein using chitin resin [NEB]. The target protein is released from the chitin-bound 

intein tag via thiol-induced self-cleavage of the intein. Table 9 and Table 10 summarize the 

description of wild-type and mutant RSV and HIV CA constructs used in this study. 

 

2.3.2.1 RSV constructs 

RSV CA expression plasmids Table 9 and Table 10 were constructed by Mr Graham Bailey. As 

this work is not documented elsewhere, it is described here for completeness. In short, DNA 

coding sequences for RSV CA were PCR-amplified, using plasmid pET-3xc-CASP-NdeI (a gift 

from Dr Volker Vogt, Cornell University) as template, and the PCR product was inserted into 

pTXB1 at NdeI and SpeI restriction enzyme sites. The SpeI site lies at the 5’ end of the coding 

sequence for MXe GyrA intein in pTXB1. The CA gene contains an internal NdeI site. 

Therefore, pET-3xc-CASP-NdeI was first modified by QuikChange site-directed mutagenesis 

[Agilent] to remove the internal NdeI site within the CA gene by silent mutagenesis of the 

Proline 65 codon CCA to CCG. RSV CA mutants were created using whole plasmid PCR 

mutagenesis or using the overlap extension PCR method (Section 2.2.2). 

 

2.3.2.2 HIV constructs 

The method for constructing the HIV CA expression plasmid (Table 9) was very similar to that 

described for RSV CA. A plasmid containing the HIV CA coding sequence (plasmid identifier 

pDG454) was obtained from Dr David Goldstone. To facilitate cloning into pTXB1, an internal 

SpeI site within the coding sequence of HIV CA was silently mutated using overlap-extension 

PCR (Section 2.2.2). The amplified HIV CA coding sequence was then cloned into pTXB1 via 

NdeI and SpeI sites. Charge-neutralization mutants R82A (AGA to GCA), and R97A/R100A 

(AGA(R) and AGG(R) to GCG(A)) were created using overlap-extension PCR with the wild 
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type sequence as the template. The triple mutant R82A/R97A/R100A (Table 10), was created by 

applying the same procedure sequentially. 



 

 

38 

 

Table 9: Constructs expressing RSV and HIV wild-type CA 

Plasmid 
identifier 

GenBank 
accession 
number 

Detail of CA coding sequence insertion** 

pGB343 V01197*  NdeI   1   2   3       235 236 237                       SpeI 
CAT ATG CCT GTA GTG ... GGC ATA GCC TGC ATC ACG GGA GAT GCA CTA GTT ... 
        PRO VAL VAL ... GLY ILE ALA CYS ILE THR GLY ASP ALA LEU VAL ... 
                   RSV CA                    Mxe GyrA Intein 

pSJ486 M19921.2*  NdeI   1   2   3       230 231 232                       SpeI 
CAT ATG CCT ATA GTG ... AGA GTT TTG TGC ATC ACG GGA GAT GCA CTA GTT ... 
        PRO ILE VAL ... ARG VAL LEU CYS ILE THR GLY ASP ALA LEU VAL ... 
                   HIV CA                    Mxe GyrA Intein 

*  Internal SpeI site (HIV CA) or NdeI site (RSV CA) within the coding sequence was silently mutated to facilitate cloning. 
** The relevant coding sequence was amplified by PCR and directionally inserted into the vector pTXB1 using the available NdeI and SpeI sites. The resulting expressed CA 
protein is fused to the N-terminus of a modified Mycobacterium xenopi GyrA intein. 
 
Table 10: Constructs expressing RSV and HIV mutant CA 

Plasmid 
Identifier Expressed Protein* 

pGB353 RSV CA (1-237) K17A/R21A charge-neutralization double mutant  

pGB355 RSV CA (1-237) R86A/R89A charge-neutralization double mutant  

pGB356 RSV CA (1-237) R97A/R100A charge-neutralization double mutant  
pGB489 HIV CA (1-232) R82A/R97A/R100A charge-neutralization triple mutant  

*All fused to the N-terminus of a modified Mycobacterium xenopi GyrA intein.
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2.3.3 Constructs expressing mammalian Gag homologs 

Four Gag homologs were selected for characterization: ARC, MAP1, PEG10 and PNMA1. 

Table 11 details the full name and the unique Uniprot identifier for each protein. Alternative 

names of the Gag-like proteins/genes recorded in literature are also listed in Table 11.  

 

Table 11: Database IDs and nomenclature for the selected mammalian Gag-homologs 

Gag 
homolog Full name and alternative names UniProtKB Length 

ARC -Activity-regulated cytoskeleton-associated protein (ARC) 
-Activity-regulated gene 3.1 protein homolog (ARG3.1) 

Q7LC44 396 

MAP1 
-Modulator of apoptosis 1 (MAP1/MOAP-1) 
-Paraneoplastic antigen Ma4 (PMNA4) 

Q96BY2 351 

PEG10* 

-Paternally expressed gene 10 (PEG10) 
-Embryonal carcinoma differentiation-regulated protein 
(EDR) 
-Mammalian retrotransposon-derived protein 2 
-Myelin expression factor 3-like protein 1 (MEF3L1) 
-Retrotransposon gag domain-containing protein 3 
-Retrotransposon-derived gag-like polyprotein 
-Ty3/Gypsy-like protein 
-Additional gene names: MAR2, MART2, RGAG3 

Q86TG7 325 

PNMA1 
-Paraneoplastic antigen Ma 1 (PNMA1) 
-37 kDa neuronal protein 
-Neuron- and testis-specific protein 1 

Q8ND90 353 

*PEG10 gene codes for two isoforms produced by ribosomal frameshifting (similar to some retroviral Gag-pol), 
this thesis investigated the protein product of isoform 2 (known as RF1). 
 

2.3.3.1 C-terminally tagged full length proteins 

DNA fragments coding for each of the four human Gag-like proteins were synthesized by 

Invitrogen (GeneArt™ Strings DNA Fragments). The sequences were codon optimized for 

expression in E. coli. The DNA fragments contained flanking restriction sites (NdeI and XhoI) 

to facilitate insertion of the coding sequences into pET-22b(+), which results in a polyHistidine 

tag at the C-terminus of expressed protein. The translation through the XhoI site results in an 

LG di-peptide linker between the protein and the polyHistidine tag. Details of the constructed 

expression plasmids are given in Table 12. 

 

2.3.3.2 N-terminally tagged full length proteins 

To create the N-terminally tagged constructs, coding sequences of Gag-like proteins were first 

PCR-amplified (Section 2.2.1) from the previously created (Section 2.3.3.1) expression vectors. 
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The sense (forward) primer introduced a SpeI site, while the anti-sense (reverse) primer 

introduced a stop codon followed by a BamHI site. Following PCR, the DNA product and 

vector (pET15b-SpeI) were digested with SpeI and BamHI restriction enzymes and prepared for 

ligation following the protocol described in Sections 2.2.4 and 2.2.5. Resultant constructs (Table 

13) express the selected Gag homologs, each with a polyHistidine tag (MGSSHHHHHHTS) 

appended to the N-terminus. 

 

2.3.3.3 Truncated variants 

The truncated Gag homologs studied are detailed in Chapter 5 (Sections 5.10 and 5.17). 

Constructs expressing these truncated variants with non-cleavable polyHistidine tags were 

constructed following the procedures just documented (Sections 2.3.3.1 and 2.3.3.2): Those with 

a polyHistidine tag at the C-terminus have a pET-22b(+) vector backbone, while those with an 

N-terminal polyHistidine tag have a pET15b-SpeI vector backbone. Plasmids expressing 

truncated PNMA1 fused to a non-cleavable MBP tag have a pMALX(A) vector backbone 107 

and were created using 5’ NotI and 3’ HindIII restriction-ligation. Plasmids expressing truncated 

PNMA1 fused to a cleavable MBP tag or with a self-cleavable intein were cloned into pMAL-

Nhis using SpeI and HindIII or pTXB1 using NdeI and SpeI, as previously described (Sections 

2.3.1.1 and 2.3.2). In every case, the coding sequences were amplified from plasmids carrying the 

full-length Gag homolog genes, with the PCR primers introducing the required restriction sites. 
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Table 12: Constructs expressing mammalian Gag homologs with C-terminal polyHistidine tag 

Plasmid 
identifier 

Expressed 
Protein 

Detail of coding sequence insertion into pET-22b(+) 

pSJ531 ARC/His6 

NdeI    2   3   4         394 395 396 XhoI 
CAT ATG GAA CTG GAT . . . CAG CCG GAA CTC GAG CAC CAC CAC CAC CAC CAC TGA 
    Met Glu Leu Asp . . . Gln Pro Glu Leu Glu His His His His His His Stop 
                 Human ARC                          6× His Tag 

pSJ532 MAP1/His6 

NdeI    2   3   4         349 350 351 XhoI 
CAT ATG ACC CTG CGT . . . AAT TTT ACC CTC GAG CAC CAC CAC CAC CAC CAC TGA 
    Met Thr Leu Arg . . . Asn Phe Thr Leu Glu His His His His His His Stop 
                Human MAP1                          6× His Tag 

pSJ533 PEG10/His6 

NdeI    2   3   4         323 324 325 XhoI 
CAT ATG ACC GAA CGT . . . CTG CTC GAG CTC GAG CAC CAC CAC CAC CAC CAC TGA 
    Met Thr Glu Arg . . . Ala Pro Leu Leu Glu His His His His His His Stop 
                Human PEG10                         6× His Tag 

pSJ534 PNMA1/His6 

NdeI    2   3   4         351 352 353 XhoI 
CAT ATG GCA ATG ACC . . . GGT CAT TTT CTC GAG CAC CAC CAC CAC CAC CAC TGA 
    Met Ala Met Thr . . . Gly His Phe Leu Glu His His His His His His Stop 
                Human PNMA1                         6× His Tag 
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Table 13: Constructs expressing mammalian Gag homologs with N-terminal polyHistidine tag 

Plasmid 
identifier 

Expressed 
Protein Detail of coding sequence insertion into pET15b-SpeI 

pSJ551 His6/ARC 

NcoI                                     SpeI    2   3   4         394 395 396         BamHI 
CCATGGgc agc agc CAT CAT CAT CAT CAT CAC ACT AGT GAA CTG GAT . . . CAG CCG GAA TAA TAA GGA TCC 
  MetGly Ser Ser His His His His His His Thr Ser Glu Leu Asp . . . Gln Pro Glu Stop 
                 6×His Tag                                Human ARC           

pSJ536 His6/MAP1 

NcoI                                      SpeI    2   3   4         349 350 351     BamHI 
CCATGGgc agc agc CAT CAT CAT CAT CAT CAC ACT AGT ACC CTG CGT . . . AAT TTT ACC TAA GGA TCC 
  MetGly Ser Ser His His His His His His Thr Ser Thr Leu Arg . . . Asn Phe Thr Stop 
                 6×His Tag                                Human MAP1 

pSJ537 His6/PEG10 

NcoI                                     SpeI    2   3   4         323 324 325         BamHI 
CCATGGgc agc agc CAT CAT CAT CAT CAT CAC ACT AGT ACC GAA CGT . . . CTG CTC GAG TAA TAA GGA TCC 
  MetGly Ser Ser His His His His His His Thr Ser Thr Glu Arg . . . Ala Pro Leu Stop 
                 6×His Tag                                Human PEG10 RF1 

pSJ550 His6/PNMA1 

NcoI                                     SpeI    2   3   4         351 352 353         BamHI 
CCATGGgc agc agc CAT CAT CAT CAT CAT CAC ACT AGT GCA ATG ACC . . . GGT CAT TTT TAA TAA GGA TCC 
  MetGly Ser Ser His His His His His His Thr Ser Ala Met Thr . . . Gly His Phe Stop 
                 6×His Tag                                Human PNMA1 
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2.4 Recombinant protein expression and purification 

 

2.4.1 Heterologous protein expression 

All bacterial expression vectors utilized in this project carry an ampicillin resistance gene and 

have T7 promoters, except pMAL-NHis which has the Ptac promoter. Both T7 and Ptac 

promoters are IPTG inducible. Escherichia coli bacterial strains used for the majority of expression 

studies were standard BL21 (DE3) or Rosetta™2 (DE3) strains [Novagen]. 

 

2.4.1.1 Small-scale expression testing 

To test for heterologous protein expression in E. coli, small-scale expression trials were 

conducted. Plasmids coding for target proteins were transformed into the appropriate bacterial 

strain and plated on LB-agar (Table 6) containing ampicillin. Following overnight incubation at 

37 °C, single colonies were used to inoculate 10 mL LBG media (Table 6), and the cultures 

incubated overnight at 37 °C. On the following day, 4 mL of the starter cultures were used to 

inoculate 150 mL fresh LBG media, which was subsequently incubated at 37 °C with shaking at 

180 rpm. After reaching an apparent absorbance of ~0.6 at 600 nm, protein expression was 

induced by adding IPTG to 0.25-0.4 mM final concentration. The cultures were then typically 

divided into three aliquots which were maintained at different temperatures; 37 °C or 28 °C for 4 

hours, or 18 °C overnight. 20 μL samples were withdrawn from each culture prior to the 

induction of protein expression (when apparent absorbance at 600 nm was ~0.6), and at the 

conclusion of the experiment. Samples were mixed in 1:1 ratio with 2 × SDS-PAGE loading dye 

(Table 15) and subsequently used for analysis of protein expression by SDS-PAGE (Section 

2.5.1). Bacterial cell pellets were collected by centrifugation in order to test for solubility of 

expressed protein (Section 2.4.2). 

 

2.4.2 Protein solubility testing 

In order to test for solubility of the expressed proteins, pellets from 2 mL of culture were 

resuspended in 700 μL of cold lysis buffer, the composition of which depends on the encoded 

protein (specified in each chapter), in the presence of EDTA-free protease inhibitors [Roche]. 

Cells were then lysed by sonication (Section 2.4.4.1) and lysates were centrifuged at 15,000 × g 

for 30 minutes at 4 °C to pellet insoluble material. Twenty microliters (20 μL) samples were 
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withdrawn from the total cell lysate and from the soluble fraction, to be analyzed by SDS-PAGE 

(Section 2.5.1). The induction temperature at which protein showed the greatest solubility was 

used for large scale expression cultures (Section 2.4.3). 

 

2.4.3 Large scale protein expression 

Once the appropriate expression temperature was established by small scale analysis, large scale 

expression cultures were prepared. Cultures were grown in sterile 2L baffled flasks containing 

0.5-1 L LBG media plus a small amount (~50 μL) of polypropylene glycol (PPG) anti-foaming 

agent. PPG was sterilized with media or added from a sterile 50 % prep. Each 1 L of LBG media 

was inoculated with 25 mL of starter culture and supplemented with appropriate antibiotics. 

Flasks were plugged with a sterile cotton bung and covered with aluminum foil. Protein 

expression was induced with IPTG at a final concentration of 0.25-0.4 mM for ~16 hours at 18 

°C once cell density has reached OD600 ~0.6 as described above (Section 2.4.1.1). Expression 

cultures were centrifuged in a Sorvall SLC-4000 rotor at 5-6,000 × g at 4 °C for ~30 min. Cell 

pellets were weighed, labelled and stored at – 80 °C (or – 20 °C for shorter time) until use. 

 

2.4.4 Bacterial cell lysis and preparation of soluble lysate 

Two cell lysis methods were employed: lysis by sonication (Section 2.4.4.1) or lysis by 

continuous-flow cell disruption (high-pressure homogenization; Section 2.4.4.2). In general, 

sonication was used for small scale solubility tests (Section 2.4.2), and the continuous-flow cell 

disruption was used for large-scale purification. Before lysis, cell pellets were resuspended in cold 

lysis buffer, and supplemented with a protease inhibitors tablet (cOmplete Mini, EDTA-free, 

Roche). Resuspension was carried out under chilled conditions (4 °C) using a magnetic stirrer, 

for ~ 30 minutes. 

 

2.4.4.1 Sonication 

Cell lysis of small volumes (0.5-2 mL cell suspension) was achieved using a Sonicator 3000 

equipped with a Microprobe [Misonix]. Cell pellet from 2 mL cultures were resuspended in 700 

μL cold lysis buffer in a 2 mL microfuge tube. Samples were generally sonicated continuously for 

1 minute with the sample tube immersed in an ice bath. Lysates were clarified by centrifugation 

in a bench-top centrifuge maintained at 4 °C for 10 minutes, at 13,000 × g.  

For cell suspensions of up to 50 mL of volume, generated by adding 5 mL of lysis buffer 

for every gram of pellet, lysis was performed using a standard probe [Misonix] on a Sonicator 
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3000 [Misonix]. The sample vessel was jacketed with an ice slurry, and sonicated for 40 minutes, 

in total, pulsing 0.5 seconds on, 0.5 seconds off. Power settings were adjusted to values that did 

not produce excessive heating or cavitation. The lysate was clarified by centrifugation in a Sorvall 

RC-6 Plus centrifuge [Thermofisher Scientific], maintained at 4° C using an SS-34 rotor, spun at 

25,000 × g for 30 minutes. The prepared soluble fraction was immediately used for affinity 

purification. 

 

2.4.4.2 High-pressure homogenization 

Cell suspensions (50-200 mL) from large scale expression cultures were lysed in a continuous 

flow cell disruptor (Microfluidics microfluidizer M-110P) at a pressure of 18 MPa. For every 

gram of cell pellet, 10 mL lysis buffer was added to generate a homogenous cell suspension 

before lysis. To prevent overheating, sample coils were covered with an ice slurry. Before lysis, 

the instrument was first flushed with 50 mL of filtered distilled water, followed by 50 mL of cold 

lysis buffer. The cell suspension was then loaded into the sample chamber and cells were lysed at 

a pressure of 18 MPa. Lysed cells were clarified by centrifugation as specified in Section 2.4.4.1. 

 

2.4.5 Protein purification methods 

 

2.4.5.1 Affinity purification and on-column cleavage 

Recombinant proteins were extracted from clarified cell lysate in accordance to their affinity tag 

(Table 14). Target protein was either eluted directly from the affinity resin, or a further on-

column cleavage of the fusion tag was carried out to elute the protein. Following on-column 

cleavage and elution, fractions containing target protein were generally subjected to a subtractive 

affinity step to improve purity of the eluted fractions by removing leaked tags. The details of the 

buffers used through-out the purification procedure and the specific method of cleavage is 

construct-dependent and is specified in each chapter. Affinity purification was either carried at 

small-scale for testing purposes (Section 2.4.5.2), or at large-scale for preparative protein 

purification (Section 2.4.5.3). 
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Table 14: Affinity resin used for purification of expression constructs 
Affinity resin Manufacturer Affinity tag 

Amylose New England Biolabs (NEB) MBP 

TALON Clontech polyHistidine  
Chitin beads New England Biolabs (NEB) Chitin-binding domain (CBD) 

on modified intein 
HisTrap HP GE Healthcare polyHistidine 
 

2.4.5.2 Small-scale diagnostic affinity purification 

Small-scale affinity purification was carried on several new constructs to optimize the lysis, wash 

and elution buffers. 2 mL aliquots of bacterial culture, expressing the fusion protein, were 

pelleted in 2 mL centrifuge tubes by high-speed centrifugation. The pellets were then 

resuspended in 700 μL of lysis buffer. Samples were lysed by sonication and clarified as outlined 

in Section 2.4.4.1. Affinity resin slurry (50 %; 150 μL) was applied onto EconoSpin mini spin 

columns [Epoch Life Sciences] and washed two times with 400 μL of filtered water and then two 

times with 400 μL of cold lysis buffer. Between washes the columns were centrifuged at 100-200 

× g for 30-90 seconds in a benchtop centrifuge at 4 °C to pass solutions through the columns. 

The clarified lysate was applied to the resin, which was then incubated at 4 °C for 2 minutes, and 

then centrifuged. Columns were subsequently washed with 600 μL cold lysis buffer. Proteins 

retained on the resin after washing were analyzed directly by SDS-PAGE or eluted with 

appropriate elution buffer and then analyzed. 

 

2.4.5.3 Large-scale preparative affinity purification using gravity flow 

For large-scale affinity chromatography, affinity resin slurry (50 %; 10-20 mL) was poured into a 

50 mL glass gravity flow column [Bio-Rad]. The resin was rinsed with 5× resin bed-volume of 

ultrapure water and then equilibrated with 5× resin bed-volume of cold lysis buffer. Soluble 

lysate was loaded onto the equilibrated affinity resin by gravity flow at a slow flow rate, and the 

resin bed washed with ~300 mL of wash buffer to remove unbound material. Affinity 

purification was either performed at 4 °C, or at room temperature using pre-chilled solutions. 

While flowing elution buffer across the resin bed, 5-7 fractions (10-12 mL each) were collected 

and analyzed for the presence of protein by SDS-PAGE. Absorbance at 280 nm (A280) was 

sometimes measured using a Nanodrop spectrophotometer to estimate amount of protein in 

fractions. Sometimes, an on-column cleavage step was carried out to release the target protein 
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from the tag, prior to elution. The method of cleavage is construct-dependent and is detailed in 

each chapter. 

 

2.4.5.4 Large-scale preparative affinity chromatography using HPLC  

In general, immobilized metal affinity chromatography (IMAC) was performed using gravity 

flow columns as specified above. However, in several instances two 1-mL HisTrap HP columns 

[GE Healthcare] were used in series. A peristaltic pump was utilized to pass solutions over these 

columns. After the wash step the columns were attached to an Äkta purifier liquid 

chromatography (LC) apparatus [GE Healthcare] and the protein was eluted from the column 

using a linear gradient of increasing imidazole concentration in lysis buffer with fractions 

automatically collected by the LC system. Fractions containing protein, based on absorbance at 

280 nm (A280) as measured by the LC system, were analyzed by SDS-PAGE. Based on the 

results, fractions containing target protein of reasonable purity were pooled and subjected to the 

next purification step (ion-exchange or size-exclusion chromatography). 

 

2.4.5.5 Ion exchange chromatography (IEX)  

All ion exchange chromatography was carried out using an Äkta purifier [GE Healthcare] 

monitoring absorbance of the eluent at 220 nm and 280 nm. Cation exchange (CEX) 

chromatography employed negatively charged SP sepharose HP resin (GE Healthcare), whereas 

anion exchange (AEX) chromatography employed positively charged Q sepharose HP resin (GE 

Healthcare). The type of ion exchange chromatography (CEX/AEX) and buffers were selected 

based on the theoretical isoelectric point (pI) of the protein (calculated using ProtParam; Section 

2.1). Following affinity chromatography, the eluted protein sample was diluted into low salt (50 

mM NaCl) IEX buffer, and loaded onto an XK 16/200 column [GE Healthcare] packed with 

the appropriate ion exchange resin, and equilibrated in the same buffer. After sample loading, 

unbound material was removed by washing the column with 2× column volume of low salt 

buffer (~50 mL). The target protein was then eluted using a linear 50-1000 mM NaCl salt 

gradient in an IEX buffer over a total volume of 200-400 mL. Fractions (1.5 mL) were collected 

in 96-well plates and analyzed by SDS-PAGE (Section 2.5.1). 

 

2.4.5.6 Size exclusion chromatography (SEC) 

Proteins (fractions from IEX or affinity) were concentrated prior to SEC using a Vivaspin 

centrifugal concentrator [GE Healthcare]. As with ion exchange chromatography, size exclusion 
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chromatography was performed using an Äkta purifier [GE Healthcare]. XK 16/600 size 

exclusion columns packed with Superdex 75, Superdex 200, or Sephacryl S-500 gel filtration 

media [GE Healthcare] were used for preparative protein purifications. Size exclusion columns 

were calibrated with size standards in order to estimate the size of the purified protein species 

(Section 2.5.4). Sample volume applied to the columns was typically 1 mL of concentrated 

protein, which had been filtered through a 0.2-μm filter. Columns were pre-equilibrated with the 

sample buffer, and the protein eluted isocratically, at a flow rate of 0.5-1 mL/min. Fractions 

(0.75 mL) were collected and analyzed by SDS-PAGE (Section 2.5.1). 

 

2.5 Characterization of recombinant proteins 

 

2.5.1 SDS-PAGE 

Polyacrylamide gel electrophoresis (PAGE) was used to resolve protein samples according to 

their molar masses. This is typically achieved by denaturing proteins with an ionic detergent 

(SDS), that gives them a nearly uniform mass to charge ratio, and then allowing them to migrate 

under an applied electric field. To allow resolution of smaller molar mass species by SDS-PAGE 

we used a modified protocol in which the glycine trailing ion in the standard Laemmli buffer 

system was substituted by taurine 108,109. Table 15 summarizes buffers and reagents used for 

SDS-PAGE. Polyacrylamide gels (10 - 15 % v/v) in presence of SDS were prepared in-house 

and stored in the fridge for up to 2 weeks. Samples were prepared for SDS-PAGE by addition of 

2× protein loading buffer and heating at 90 °C for 5-10 minutes. The denatured samples and 

molar mass standards were then loaded into depression wells inside the stacking gel. Gels were 

run under constant voltage conditions (200 V) for 40-80 minutes, dependent on the acrylamide 

concentration and the required resolution of species. Gels were stained overnight using colloidal 

Coomassie stain. Heating the stain for 30 seconds in the microwave prior to staining shortens 

the time required to observe stained bands. Subsequently, a wash in water (containing 0.5 mM 

sodium azide) de-stains gels and prepares them for long-term storage. For long-term storage, 

gels were placed between two cellophane sheets soaked in water and fixed into a frame until 

completely dried. 
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Table 15: Reagents used for SDS-PAGE 
Reagent Composition 

2× Protein loading buffer 10 mM Tris/HCl pH 8.0, 10 % (v/v) BME, 4.9 % (w/v) 
SDS, 20 % (w/v) glycerol, 0.005 % (w/v) bromophenol blue 

SDS-PAGE electrophoresis 
buffer 

50 mM Tris/HCl pH 8.0, 250 mM taurine, 1 % (w/v) SDS 

Colloidal Coomassie stain 4.2 % (v/v) orthophosphoric acid, 378 mM ammonium 
sulphate, 15 % (v/v) ethanol, 0.001 % (w/v) SERVA Blue G 

Stacking gel acrylamide mix 4 % (v/v) acrylamide, 123 mM Tris/HCl pH 7.5, 0.001 % 
(w/v) SDS 

Resolving gel acrylamide mix 10-18 % (v/v) acrylamide, 207 mM Tris/HCl pH 8.05, 0.001 
% (w/v) SDS 

 

2.5.2 Estimation of protein concentration 

Protein concentration was determined using the Beer-Lambert law after measuring absorbance at 

280 nm (A280) and using a predicted extinction coefficient 110, calculated with the ProtParam 

server (Section 2.1). For approximate estimates of protein concentration, a Nanodrop 

spectrophotometer was used for absorbance measurements. When more accurate measurements 

were required, for example prior to crystallization or in vitro assembly experiments, absorbance 

measurements were made with a Cary 4000 UV-Vis spectrophotometer [Varian] and a 10 mm 

path-length quartz cuvette. 

 

2.5.2.1 Correction for light scattering 

Gag-like proteins (Chapter 5) exist as relatively large particles in solution causing significant 

scattering of UV light. This manifests as apparent absorbance at wavelengths > 310 nm where 

there is no true absorbance by the protein. Correction for light scattering effects was achieved by 

applying the following model 111:  

Absorbance = a0 + a1 / λb 

Where a0 allows for baseline offset (which is ideally zero), a1 is a proportionality constant, λ is the 

wavelength (nm) of the incident light (in nm) and b is an exponent (which usually is 

approximately 4), that is directly proportional to the size and shape of the scattering particles.  

Absorbance data at wavelengths above 310 nm (where protein absorbance is expected to 

be negligible) is fitted to the equation above. Extrapolation to shorter wavelengths allows 

estimation of the light scattering contribution to the total absorbance. The fitted function is then 

subtracted from the experimental absorbance spectrum. The corrected spectrum now can be 
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used to estimate true absorbance at 280 nm. A simplified method of calculations for correction 

for light scattering based on the above explanation is described in 112. 

 

2.5.3 Mass Spectrometry 

Mass spectrometry experiments and data processing were performed by Mr Martin Middleditch 

at the Centre for Genomics, Proteomics and Metabolomics, at the School of Biological Sciences, 

University of Auckland. A TripleTOF 6600 [Sciex] or QSTAR XL [Applied Biosystems] mass 

spectrometer was used to determine the molar mass of purified proteins using ESI mass 

spectrometry. The experimental masses of intact proteins were in good agreement with those 

predicted from nucleotide sequences. LC-MS was used to separate a sample containing a pool of 

polypeptides resulting from limited proteolysis and to identify the molar mass of soluble 

domains of digested protein. To minimize additional proteolysis, we ensured that the time 

between sample thawing and LC-MS was less than 10 minutes. A 0.3 x 100 mm C5 widepore 

column [Supelco] was used for the liquid chromatography stage. For infusion ESI-MS analyses, 

samples at ~ 1mg/mL in 100-150 mM ammonium bicarbonate buffer were diluted 25-fold in 50 

% acetonitrile (ACN) containing 0.1 % formic acid (FA). Raw mass spectrometry data were 

deconvoluted into intact molar mass profiles using PeakView software [Sciex]. 

 

2.5.4 Analytical Size Exclusion Chromatography 

To assess the size of purified proteins in-solution, size exclusion columns were calibrated with 

size standards as detailed in 113. Briefly, columns were calibrated using protein standards or 

polystyrene bead standards, depending on the type of resin. XK 16/100 columns [GE 

Healthcare] pre-packed with Sephacryl S-500, Superdex S-200 or Superdex S-75 media, were 

attached to an Äkta purifier [GE Healthcare] to perform size exclusion runs with size standards. 

All chromatography runs were carried out with a flow rate of ~0.8 mL/min for the Sephacryl 

column and ~0.75 mL/min for Superdex columns. Different running buffers were used for 

calibrating with protein or polystyrene bead standards (Table 16). Elution volume (Ve) of protein 

standards [GE Healthcare] or polystyrene nanosphere size standards [Thermofisher Scientific] 

was monitored by following absorbance at 280 nm or 220 nm, respectively. For Superdex media, 

Blue dextran 200 and L-Tyrosine were used to estimate the void volume (V0) and 

included/internal volume (Vi) of the column, respectively. For Sephacryl S-500 media, 500 nm 

diameter beads and L-Tyrosine were used for the same purpose. Vi can be calculated from the 

eluted volume of Tyrosine, or similar small molecule, given that VTyrosine = V0 + Vi. Distribution 
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coefficients (σ) for all proteins and nanospheres were calculated from elution volumes (Ve) as σ 

= (Ve - V0)/Vi (see references in 113). 

 

Note that: 

σ = 0 for a molecule that is totally excluded from the gel phase (e.g. blue dextran). 

σ = 1 for a molecule that diffuses freely through the gel network with no restrictions (e.g. 

Tyrosine). 

0 < σ < 1 for a molecule of intermediate size that does not interact with the gel matrix 

 

The Hydrodynamic radii of the protein standards were calculated from the published 

translational diffusion coefficients using the Stoke-Einstein relationship (see 113 for details). 

Finally, a plot of the cube root of the distribution coefficient versus hydrodynamic radius is 

created, and a standard linear function was fitted to the plotted points. This plot was used to 

estimate the sizes of the purified protein species. 

 

Table 16: Buffers used during calibrating size exclusion columns 
Resin Composition of running buffer 

Superdex 
75 or 200 

12.5 mM MOPS/KOH pH 7.0, 150 mM NaCl, 0.5 mM NaN3, 0.25 mM 
TCEP.HCl 

Sephacryl 
S-500 

12.5 mM Tris/HCl pH 8.5, 150 mM NaCl, 0.15 % SDS 

 

2.5.5 Limited proteolysis to probe domain borders in Gag-homologs 

Proteins may contain multiple structured domains interleaved with flexible regions. Limited 

proteolysis is a biochemical approach that can be used to help determine the boundaries of 

structured domains. This is because proteases (e.g. trypsin) will preferentially hydrolyse peptide 

bonds in the flexible regions of a protein, while structured regions are less accessible (reviewed in 

114). Resulting stable fragments can be subjected to mass spectrometry to identify cut sites. 

 

2.5.5.1 Limited trypsin proteolysis 

Trypsin cleaves the peptide bond only after lysine and arginine residues, thus protein fragments 

resulting from a proteolysis reaction can be mapped onto the protein sequence after 

measurement of their molar mass by mass spectrometry (Section 2.5.3). For limited trypsin 

proteolysis, ammonium bicarbonate buffer (pH 7.8) was added to the protein sample at a final 
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concentration of 100-150 mM. The purpose of the elevated buffer concentration is to maintain 

the pH of the reaction after addition of trypsin (from bovine pancreas, Sigma, product number 

T1005), which is stored in 1 mM HCl to prevent its auto-degradation. Stock solutions of trypsin 

(0.1 mg/mL) in 1 mM HCl were made by weighting required amount of trypsin and then 

dissolving in pre-chilled 1 mM HCl. Small aliquots (20-40 μL) were immediately snap frozen by 

immersion in liquid nitrogen and stored at – 80 °C. 

To optimize the experiment, various enzyme (E) to substrate (S) ratios and incubation 

temperatures were tested. The final protein (substrate) concentration in the proteolysis reactions 

was kept constant at 1 mg/mL as this was sufficient to allow visualization of the resulting 

proteolytic fragments by SDS-PAGE. 

Over the course of the reaction, samples were removed and mixed with 2× SDS-PAGE 

loading dye. The SDS denatures the enzyme, thereby stops the reaction. Samples were 

subsequently analyzed by SDS-PAGE and colloidal Coomassie staining (Section 2.5.1) to 

monitor proteolysis. The molar mass of the stable proteolytic fragment(s) was subsequently 

obtained by ESI-MS (Section 2.5.3), in order to enable identification of the fragment boundaries. 

 

2.5.5.2 Limited Endoproteinase Glu C Proteolysis 

Endoproteinase Glu C (Glu-C; Staphylococcus aureus Protease V8) selectively cleaves peptide bonds 

C-terminal to glutamic acid residues in ammonium bicarbonate buffer (pH 7.8). Limited Glu-C 

digestion was performed similarly to tryptic digestion (Section 2.5.5.1), however the 

concentration of the protease and the incubation temperature were different. Stock solutions of 

Glu-C (from Roche, product number 10791156001) were prepared at 0.3 mg/mL in filtered 

ddH2O. Small aliquots (20-40 μL) were immediately snap frozen by immersion in liquid nitrogen 

and stored at – 80 °C. 

 

2.5.6 Dynamic light scattering 

Homogeneity and size of purified proteins were analyzed by measuring dynamic light scattering 

(DLS) at 831.1 nm using a Dynapro Titan [Wyatt Technology] with temperature control. Most 

experiments were performed at 4-6°C, unless otherwise indicated. A meticulously clean cuvette 

is essential for the measurements. Cuvettes were carefully incubated in concentrated acidic wash 

solution (3:1 mixture of sulphuric and nitric acid), followed by extensive water rinsing (distilled 

filtered water), and finally an ethanol rinse. Cleaned cuvettes were then dried using a filtered air 

dispensing unit. A cuvette was checked for cleanliness and absence of residues by placing it 
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empty in the instrument and measuring counts before use: at full laser power a clean empty 

cuvette typically gave ~2,500-4,000 counts. The cuvette was maintained in the cuvette chamber 

in order to equilibrate to the target temperature before transfer of protein solution into the 

cuvette. 

 

2.5.6.1 Sample preparation for DLS 

The purified protein preparation was centrifuged at 25,000 × g for ~ 30 minutes at 4 °C in order 

to remove any large aggregates. This is critical as DLS is extremely sensitive protein aggregation, 

as well as contamination by dust and other particulates. Approximately 25 μL of the supernatant 

was then carefully transferred into the temperature-equilibrated cuvette and immediately placed 

back into the cuvette chamber. Pipette tips were filtered-air-blown before use to minimize 

contamination with dust particles. The protein concentration that we used was dependent on the 

size of the protein. For Gag-like proteins, a 0.5-1.5 mg/mL solution was used, while for 

retroviral capsid proteins ~16-20 mg/mL was used. This is because large protein aggregates 

scatter light much more effectively than monomeric protein solutions 115. 

 

2.5.6.2 Data collection 

Typically for quantitative analysis, at least 150 individual correlation functions were measured at 

831.1 nm. Prior to data collection the photo count was monitored, and the laser intensity 

adjusted so that ~800,000 counts/s were being recorded, to ensure the photon counter in the 

instrument was operating within its linear range. The cuvette was removed and reintroduced into 

the cuvette cuvette several times throughout data acquisition in order to average for the small 

instrumental error associated with cuvette displacements 116. Using the DynaPro software 

[Wyatt], a single-component model was fitted to the data, and Cumulants analysis was also 

performed to estimate the homogeneity of the sample.  

 

2.5.7 X-Ray Crystallography 

Protein crystallization conditions were identified using screening experiments based on 

orthogonal arrays 117. Crystallization screens were carried using 6 in-house screens covering a 

range of 576 different conditions (see Appendices 1 - 6). All crystallizations were carried out 

using the sitting drop vapor diffusion method and freshly purified protein. Screens were usually 

set-up using liquid-handling robotics. A MultiPROBE II HT/EX liquid-handling robot [Perkin-

Elmer] was used to dispense ~80 μL from the in-house screens into the large reservoir wells of 
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96-well Intelli-plates [ArtRobbins Instruments]. Subsequently a dedicated crystallization robot – 

either a Cartesian HoneyBee nanolitre-dispensing robot [Genome Solutions], or an Oryx4 

crystallization system [Douglas Instruments] – was used to set up 300 nL sitting drops (150 nL 

each from protein solution and crystallization reservoir). Plates were then sealed with a 

transparent film [ClearSeal, Hampton Research] and incubated at 4 ºC or 18 ºC. A light 

microscope was used to check screens for the appearance of crystals. If crystals were obtained 

using the initial screens, fine screening was carried using 24 well plates [Cryschem plates, 

Hampton Research] by varying protein and precipitant concentrations and drop sizes to improve 

crystal size and quality. 

 

2.5.7.1 Additives 

Various small molecule additives can potentially improve the morphology, size and order of 

protein crystals. We used an additive screen in an attempt to improve crystals of a PNMA1 

truncated variant (Section 5.16.4). Hampton’s 96 additive Screen (Catalogue # HR2-428) was 

used in a 96-well sitting-drop format, according to the manufacturer's directions. Each reservoir 

well had the final concentration of 1.6 M Malonic acid/NaOH, pH 5.5 and 1× additive 

concentration. A robotic system was used to dispense 0.4 μL protein + 0.4 μL reservoir solution 

after manually pipetting the reservoir well solutions into a 96-well Intelli-plate [ArtRobbins 

Instruments]. The plate was then sealed with a transparent film [ClearSeal, Hampton Research] 

and incubated at 18 ºC. 

 

2.5.7.2 Random Microseed Matrix screening (rMMS) 

Seeding can improve crystal quality under identified conditions, or help generate crystals under 

novel conditions 118,119. Random microseed matrix screening (rMMS) is a seeding technique in 

which seed crystals are added to crystallization screens, in an attempt to enable crystallization 

under novel conditions (see for example 120). A number of reports (reviewed in 121) have 

established the usefulness of the technique in increasing the probability of crystallization. This 

technique was applied whenever fine screening improved crystal morphology only incrementally. 

To prepare seed stock, 50 μL of source well reservoir solution was transferred into an 

Eppendorf tube kept on ice. Seed crystals were fished from the source well by adding ~5 μL of 

the chilled reservoir solution, repetitively pipetting to dislodge crystals, and transferring this 

solution to the chilled tube containing the reservoir solution. Two small ceramic beads were 

added and the tube was vortexed for 60 seconds, then an additional 400 μL of chilled reservoir 
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solution added. The seed stock is not stable for extended periods of time, especially at higher 

temperatures, due to the low protein concentrations, and hence was aliquoted and flash frozen 

for storage. The seed stock, at several different dilutions, was then used for rMMS experiments 

with RLK screens 1, 3 and 5 (Appendices 1, 3 and 5). These experiments were set up in 96 well 

plates using an Oryx4 crystallization system [Douglas Instruments]. The robot dispensed 0.3 μL 

of protein, 0.2 μL of reservoir, and 0.1 μL of seed stock into each well. Plates were then sealed 

with a transparent film [ClearSeal, Hampton Research] and incubated at 18 ºC. 

 

2.5.7.3 Data collection and structure determination 

Crystals were tested for the ability to produce useful X-ray diffraction patterns using an in-house 

X-ray source (mardtb Desktop Beamline) or the MX beamlines at the Australian Synchrotron. 

Crystals were transferred to a cryoprotective buffer to prevent ice formation and mechanical 

damage associated with flash cooling, then they were suspended in thin fiber loops and flash 

cooled by direct immersion in liquid nitrogen.  

X-ray diffraction data were collected by the oscillation method at the Australian 

Synchrotron (MX1 and MX2 beamlines) or at the in-house source on crystals maintained at 

100K in a cold gas stream while 0.5-1.0° X-ray oscillation images were collected, typically over a 

total angular range of 360°. Diffraction data were integrated and scaled using the program 

HLK2000 122. p10-NTD structure was determined by the method of molecular replacement, 

using the previously determined structure of the NTD as a search model (PDB ID: 1EM9). 

Iterative manual model building and refinement was carried using the programs COOT 123 and 

REFMAC 124. Internal validation of the model was carried out with tools provided in the 

COOT software. UCSF chimera 125 was used to prepare figures. 

 

2.5.8 In vitro assembly of RSV CA 

 

2.5.8.1 Sample preparation 

Prior to setting up assembly experiments, purified CA was centrifuged at 4 °C for ~ 30 minutes 

at ~20,000 × g, and the supernatant was transferred to a separate chilled tube. DLS was 

performed on a sample from the supernatant to validate homogeneity of the protein preparation 

(see Section 2.5.6). TEM was also used to confirm the absence of any assembled structures prior 

to performing experiments (see Section 2.5.9). 
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2.5.8.2 Assembly of CA at different temperatures and ionic strengths 

To investigate effect of temperature and ionic strength on CA assembly, purified monomeric 

RSV CA (600-700 μM in SEC buffer, Table 25) was dialyzed into neutral pH SEC buffers 

containing varying NaCl concentrations (25-1500 mM) at 4 or 37 °C for ~20 hours. 20-50 μL of 

purified protein was loaded into 50-100 μL dialysis buttons and sealed with dialysis membrane 

(3kDa cut off). The following day the protein samples were negatively stained (Section 2.5.9) for 

TEM analysis to assess assembly. 

 

2.5.8.3  A turbidimetric assay for CA tube assembly 

In vitro assembly of CA at elevated temperatures can be accelerated by the addition of a 

macromolecular crowding agent; Ficoll 400 [Sigma Aldrich]. For the assembly assay, purified CA 

solutions (100-900 μM in standard storage buffer) were mixed with Ficoll 400 solutions (20 % 

(w/v) in a modified storage buffer containing no NaCl or 150 mM NaCl) at a volumetric ratio of 

1:1, and a temperature of 4 °C. This resulted in final concentrations of 50-450 μM CA, 75 or 150 

mM NaCl and 10 % (w/v) Ficoll 400. The mixture was immediately transferred into a 1 mm 

path length quartz cuvette [Starna] and the apparent absorbance measured using a Cary 4000 

UV-Visible spectrophotometer. The instrument was operated in dual beam mode with a 

matching Ficoll 400 solution in the reference cell. The samples were incubated at a fixed 

temperature for ~3 hours, with a 240 - 260 nm wavelength scan recorded at ten minute intervals. 

Aliquots were removed from the cuvette for examination by negative-stain electron microscopy 

at the conclusion of the experiments. 

 

2.5.9 Transmission Electron Microscopy 

 

2.5.9.1 Specimen preparation by negative staining 

A parlodion and carbon-coated copper grid (prepared by Dr Adrian Turner, Imaging Centre, 

School of Biological Sciences, University of Auckland) or a commercially prepared carbon-

coated grid was rendered hydrophilic by glow discharging for 30 seconds and then held in place 

using tweezers. 5 μL of the sample was applied onto the grid surface and allowed to adsorb for 

30-120 seconds, depending on protein concentration. For some samples, particularly those from 

RSV CA assembled by acidification or in the presence of 800-1500 mM NaCl, visualization was 

improved by diluting the sample 10-fold before staining. In these cases, dilution was performed 

with a matched buffer that had been equilibrated to the same temperature as the protein sample. 
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Samples were applied to glow discharged grids immediately following dilution. Excess salt was 

then washed off either by using 3 droplets of filtered, autoclaved deionized water, or by 

repeating the subsequent negative staining step three times. For negative staining, 5 μL of 2 % 

(w/v) uranyl acetate solution was applied onto one edge of the grid and simultaneously blotted 

away using a piece of filter paper [Whatman] on the opposite edge of the grid. After final 

blotting, grids were left to dry for at least 15 minutes before visualization by TEM. 

 

2.5.9.2 Sample preparation for cryoEM 

For vitrification, 3 μL of the sample was applied to a “holey grid” - grid with a perforated carbon 

film (R1.3/1.2 Quantifoil)- that was previously glow discharged. The grid was blotted at 4 °C and 

90 – 100 % relative humidity and then plunged into liquid ethane using a semi-automated 

vitrification system [Vitrobot Mark IV, FEI]. 

 

2.5.9.3 Cryo-negative staining 

The “Adrian” method was used for cryo-negative staining (reviewed in 126). In general, the 

sample was diluted 2× with a saturated ammonium molybdate (AM) solution and then 

immediately applied to a holey carbon grid for vitrification (Section 2.5.9.2). The saturated AM 

solution (pH ~7) is made by dissolving 1.2 - 1.3 g of ammonium molybdate tetrahydrate in 0.875 

mL of water in a 2.0 mL tube, then adding 0.125 mL of 10 M NaOH. 

 

2.5.9.4 TEM imaging 

Routine examination of negatively-stained samples was performed using a Philips Tecnai 12 

TEM (FEI) equipped with lanthanum hexaboride (Lab6) gun operating at 120 kV. Prior to 

imaging, the microscope was aligned by eucentering the EM grids, minimizing the objective and 

condenser astigmatism, and optimizing the gun tilt. Digital images were captured using an 

Ultrascan 1000 camera [Gatan, Pleasanton, CA, USA]. For cryo-electron microscopy, the best 

images were collected using a Tecnai FEG20 TEM [FEI] operating at 200 kV. Those images 

were recorded on Kodak SO-163 film under low-electron-dose mode at nominal magnification 

of × 50,000 at 1-2 μm underfocus. The films were developed in D19 developer [Kodak] diluted 

1:1 (v:v) with water for 10 minutes at 20°C. Selected images were digitized using a Nikon LS-

9000 film scanner. 
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Chapter 3: Insights into the assembly and 

structure of the immature retroviral core 

3  

3.1 Overview 

Retroviral particles exist in two forms (Figure 2.B): the immature form, the focus of this 

chapter, and the mature form, the focus of Chapter 4. Assembly of the immature retroviral 

particle inside the cell is directed by the Gag polyprotein, which is the main structural 

component of the virus. Subsequent cleavages of Gag by the retroviral protease result in 

profound structural rearrangements of the virion interior, and formation of the mature core, 

which is a prerequisite for infectivity. Gag is comprised of a number of functional domains 

(Figure 2.A). The capsid protein (CA), embedded within Gag, forms the majority of contacts 

that maintain the structure of the immature particle 33,55,127,128. Following proteolysis, the 

released CA also builds the mature core. Hence, CA is central to formation of both the immature 

and mature capsid. 

The architecture of the mature retroviral capsid is well understood 47,56,61,129, however, 

less is known about the molecular arrangement of CA within the immature particle. At the time 

this study was initiated, low-resolution EM analysis had shown that HIV and RSV immature 

retroviral particles were built from an incomplete and partially ordered lattice of Gag hexamers, 

and that the domain immediately downstream of CA, termed the spacer region (SP) in RSV, and 

spacer region 1 (SP1) in HIV, formed a rod-like density below the capsid lattice 27. The density 

was thought to result from formation of a six-helix bundle (Section 1.1.4 and Figure 5). The 

assembly of the bundle was believed to be driven by oligomerization of the downstream 

nucleocapsid domain (NC). 

NC oligomerization is triggered by its binding to nucleic acid, such as the viral genomic 

RNA. HIV virus-like particles (VLPs) with a characteristic immature morphology can be 

assembled in vivo and in vitro using chimeric Gag proteins where the NC region in these so called 

“Gag-Z" constructs is substituted with a heterogeneous di- or tri-merization domain 130,131. This 

has been similarly observed in RSV where replacement of NC with a dimer-forming leucine 

zipper domain maintains formation of VLPs 132. 

A body of evidence has also suggested that the switch between mature and immature 

modes of assembly for some retroviruses is mediated through the presence of N-terminal 
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extensions on CA. The formation of a β-hairpin structure 133,134 at the N-terminus of free CA 

(Figure 3) is blocked when CA is preceded by sequences from the upstream domain within Gag 

(reviewed in 33). The hairpin in mature CA is stabilized by a salt bridge between the N-terminal 

Proline residue and a completely conserved Aspartate in helix 3 133,135-137. The structure appears 

critical in facilitating assembly of the hexameric and pentameric building blocks of the mature 

capsid 138-144. In this fashion, it has been described as a proteolytic trigger for mature capsid 

assembly 137. The effect of the MA – CA junction on the in vitro assembly of HIV-1 Gag was 

examined by von Schwedler et al (1998) and Gross et al (1998), who showed that tubes are 

formed when MA is completely deleted 137,144, whereas spherical particles were formed when 

four or more MA residues remained fused to CA. However, the molecular structure of the 

mature hexamer does not attest to a stabilizing role for the hairpin, and current low-resolution 

structures of the immature lattice suggest that the hairpin could be accommodated in the 

immature lattice 145. The major biological importance of hairpin formation might be due to 

functions not directly related to capsid assembly. A recent report has suggested that the hairpin is 

essential in forming a ‘molecular iris’ that controls import of molecules necessary for the reverse 

transcription process which takes place in the interior of the viral core 146. 

In vitro and cell-based assays have been previously used to define the minimum RSV Gag 

sequences required for assembly of immature-like spherical VLPs 147,148. Those VLPs have size 

and characteristics similar to authentic viruses. The spherical assembly determinant was localized 

to the C-terminal 25 amino acids of the domain just upstream of CA (the p10 domain). This 

finding was confirmed both in vitro 147 and in a baculovirus expression system 132. Deletion of 

this region results in a tubular assembly phenotype. An RSV CA variant containing the last 28 

amino acids of the p10 domain, and the CA NTD, was previously crystallized, and the structure 

determined using X-ray crystallography 149. The β-hairpin structure, formed by the first 14 

residues in mature CA is no longer observed. Instead these residues, together with the 25 amino 

acids from p10, form a loop and helix that clasps the surface of a neighboring molecule, creating 

a symmetric dimer with an extensive interface (Figure 9). Systemic mutagenesis of the last 25 

amino acids of p10 demonstrated an excellent correlation between the amino acids required for 

in vitro assembly of Gag into virus-like particles, and those whose side chains participate in the 

crystallographically-observed dimer interface 106. Additionally, paired cysteine residues were 

introduced at positions predicted to allow disulfide bond formation across the dimer interface 

106. These exogenous cysteine residues were introduced into assembly-competent Gag variants, 
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in which virtually all the endogenous cysteine residues have been removed, simplifying the 

experiment. Upon oxidation of immature particles, a disulfide linked Gag hexamer was formed. 

In totality, the results suggested that the extended NTD crystal structure is a dimeric variant of 

the hexameric complex that occurs in the virus. It was hypothesized that the interactions 

between the p10–CA ‘clamp’ and the main body of the NTD were represented correctly by the 

crystal structure 106. However the connecting polypeptide must bend in its biological context, to 

facilitate formation of a hexameric ring, instead of a dimer (Figure 10).  

 
Figure 9: The structure of the extended CA NTD antiparallel dimer. 
Residues that form the β‐hairpin in mature RSV CA are shown in red, CA NTD in orange and p10 in dark purple. 
The dimer interface is created primarily between the 25 amino acid extension in one monomer with α-helix a1 and 
a3 of CA NTD in the other monomer. Figure reprinted Phillips el al. 106, with permission from Wiley. Copyright © 
2008 European Molecular Biology Organization. 

 
Figure 10: Model of the immature RSV CA-NTD hexamer.  
Schematic representation of p10–NTD interaction in the extended NTD. Left: crystallographic dimer. Right: the 
hexamer proposed to form in immature particles 106. The thick black line represents p10-β-hairpin residues while 
the remainder of the NTD is represented by solid shapes. 



 

 

61  

 

The objective of the experiments presented in this chapter was to validate the proposed model 

of Phillips and colleagues (2008) by determining the high-resolution structure of the immature 

RSV Gag hexamer (shown schematically in Figure 10, right) using X-ray crystallography. 

Constructs expressing Gag fragments - essentially CA with appropriate N- and C-terminal 

extensions - were created. Some variants were generated with coiled-coil (CC) domains replacing 

the NC domain at the C-terminus, in an attempt to stabilize the biologically relevant hexameric 

species. The chapter reports attempts to express, purify and structurally characterize these 

variants. Biophysical techniques (such as DLS and SEC) were utilized to characterize some of 

the purified variants in order to increase our understanding of the structural roles of CA and SP 

in forming the immature RSV Gag lattice. 

 

3.2 Constructs carrying N-terminal extensions to CA 

 

3.2.1 Description and cloning of constructs 

All constructs described in this chapter were created by conventional restriction-ligation cloning, 

as detailed in Section 2.2 to insert coding sequences of proteins of interest into pMAL-NHis 

vector. The resulting fusion proteins have an N-terminal polyHistidine tag and a maltose-

binding-protein (MBP) tag preceding the target protein. Cleavage with TEV protease results in 

the release of the target protein from MBP. 

Two constructs were created (Table 17 and Figure 11) containing the “immature 

assembly determinant” from the p10 domain and either (1) a near full-length CA missing only 

the last 10 amino acids – a sequence that is intrinsically disordered 134 (plasmid pSJ439), or (2) 

the N-terminal domain (NTD) of CA (plasmid pSJ440). The p10-NTD construct is essentially 

the same as the construct previously crystallized by Nandhagopal et al (2004) 149. Further 

analysis was undertaken in the hope that variant crystals might be generated, in which the 

biologically relevant hexamer was captured, rather than the previously observed dimer (Figure 

10). 

 



 

 

62 

Table 17: Constructs carrying N-terminal extensions to CA* 
Plasmid 
identifier Description of target protein Short 

name 
pSJ439 RSV p10 (amino acids 34-62) and CA (amino acids 1-226) p10-CA 
pSJ440 RSV p10 (amino acids 34-62) and CA-NTD (amino acids 1-147) p10-NTD 

*Table describes target proteins after release from fusion protein using TEV protease. 
 

 

 
Figure 11: Constructs containing N-terminal extensions to CA 
Schematic showing the RSV Gag polyprotein, and the variants p10-CA and p10-NTD, carrying N-terminal 
extensions to CA. Proteins were recombinantly expressed with a TEV-cleavable MBP tag at the N-terminus. 
Numbers at the top represent amino acid positions marking the borders of RSV Gag subdomains. 
 

3.2.2 Expression and purification of p10-NTD and p10-CA 

Constructs were transformed into the Rosetta™2 (DE3) strain of E. coli, and grown to 

appropriate density in LBG media. Expression of the target proteins was induced using 0.25 mM 

IPTG, and the cultures were maintained at 18 °C for ~16 hours post-induction. Proteins 

expressed at moderate quantities (Figure 12), and appeared mostly soluble as assessed by SDS-

PAGE (Figure 13). 

 

RSV Gag MA CA‐NTD NCp10p2 SPCA‐CTD

CA‐NTD CA‐CTD

CA‐NTD

p10‐CA   (pSJ439)

p10‐NTD (pSJ440)

Last 25‐29 amino acids of p10

Key

1 156 240178 476 488 577
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Figure 12: Expression testing of p10-CA (pSJ439). 
Samples were taken from duplicate cultures before induction with IPTG, and at the conclusion of expression, and 
analyzed by SDS-PAGE. The expected size of the fusion protein is ~70 kDa (red arrow). M = protein molar mass 
standards in kilodaltons (kDa). -IPTG = before IPTG induction. +IPTG = after IPTG induction. 
 

 
Figure 13: Solubility testing of p10-CA (pSJ439). 
SDS-PAGE of four replicate samples taken from: expression cultures after IPTG induction (+IPTG), cell lysate 
(lysate), clarified supernatant (supernatant). The expected size of the expressed protein is ~70 kDa (red arrow). M 
= protein molar mass standards in kilodaltons (kDa). 
 

Lysis of bacterial cell pellets and preparation of soluble fractions was performed as detailed in 

Section 2.4.4. Fusion proteins were purified in three consecutive steps: (1) affinity-based 

purification coupled with on column tag cleavage, (2) ion-exchange chromatography and (3) size 

exclusion chromatography. Amylose resin (NEB), equilibrated with the Isolation buffer (Table 

18) was used for affinity purification at 4 °C. On column TEV-cleavage was performed to cleave 

the MBP tag from the resin-immobilized fusion protein by overnight incubation at 18 °C for 
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~16 hours using 1-2 mg of recombinant TEV protease (rTEV) per 15 ml of resin. Following 

elution of the cleaved target protein, a subtractive affinity step was then performed by passing 

the flow-through over a clean bed of amylose resin to remove any residual MBP. Cation-

exchange chromatography was subsequently performed using SP Sepharose resin, pre-packed in 

XK 16/200 column (GE Healthcare), followed by a size exclusion chromatography step using a 

Superdex 75 16/600 column (GE Healthcare), as detailed in Sections 2.4.5.5 and 2.4.5.6. Buffers 

used for purification of p10-NTD and p10-CA are listed in Table 18. Sometimes the ion-

exchange step was omitted, particularly when purifying p10-CA at high amount by using a larger 

bacterial pellet. This is because of the established propensity of the protein to assemble at acidic 

pH 113,150 and at low salt (Section 4.3), particularly at high CA concentrations. The proteins were 

purified to near-homogeneity based on SDS-PAGE analysis (Figure 14 and Figure 15). 

According to calibration of the Superdex 75 16/600 column, p10-CA and p10-NTD eluted at a 

peak volume corresponding to a hydrodynamic radius of 3 and 2 nm, respectively, which 

corresponds to the size of a monomer. Fractions containing the target protein were pooled and 

concentrated, using a 3 kDa cutoff vivaspin 20 centrifugal concentrator (Sartorius), for 

subsequent crystallographic analysis.  

 

Table 18: Buffers used for purification of p10-NTD and p10-CA 
Buffer Composition 

Isolation buffer 
(Lysis\wash\cleavage\elution) 

25 mM Tris/HCl pH 8.0 
150 mM NaCl 
1 mM DTT 
1 mM Na-EDTA 

High-salt buffer 12.5 mM succinic acid pH 5.0 
1000 mM NaCl 

Low-salt buffer 12.5 mM succinic acid pH 5.0 
50 mM NaCl 

SEC/storage buffer 12.5 MOPS/KOH pH 7.0 
150 mM NaCl 
0.5 mM sodium azide 
0.25 mM TCEP.HCl 
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Figure 14: Size exclusion chromatography of p10-CA on Superdex 75 resin. 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size (27 kDa) is 
visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa).  

 

 
Figure 15: Size exclusion chromatography of p10-NTD on Superdex 75 resin. 
9 mg of p10-NTD in total was loaded on SEC 16/600 column. Fractions analyzed by SDS-PAGE (figure inset) are 
highlighted in red. An expected band size of p10-NTD (19 kDa) is visualized by SDS-PAGE. M = protein molar 
mass standards in kilodaltons (kDa). 
 

3.2.3 Crystallographic analysis of p10-NTD and p10-CA 

Crystallization screening was performed for each construct, using the sitting drop vapor 

diffusion technique in 96 well plates, as detailed in Section 2.5.7. The composition of the 
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crystallization screens is given in Appendices 1 - 6. The concentration of both p10-NTD and 

p10-CA used in these screens was ~ 7 mg/ml. After dispensing the screens into plates, 0.2 µL 

sitting drops were set up (0.1 µL protein solution + 0.1 µL crystallization solution). Dispensing 

such small volumes was only possible using the Cartesian HoneyBee nanolitre-dispensing robot 

(Genome Solutions). Plates were then sealed with a transparent film (ClearSeal, Hampton 

Research) and incubated at 4ºC (RLK screen 2, 4 and 6) or 18ºC (RLK screens 1, 3 and 5). 

Crystals were observed in a few wells within 1-2 weeks and were then tested for X-ray diffraction 

using either the laboratory source or at the Australian synchrotron (Table 19 and Table 20). X-

ray diffraction data was processed with the program HKL2000 122,151, and any subsequent 

crystallographic analyses were carried out with programs from the CCP4 suite 152. 

 

3.2.3.1 p10-CA 

Crystals of p10-CA appeared under multiple conditions from polyethylene glycol (PEG) 

solutions at various pH ranges and more readily at 18 ºC than at 4 ºC (Table 19). All crystals 

initially obtained diffracted poorly, and were not ultimately useful for high-resolution structure 

determination. The only diffracting crystals observed were grown in the presence of betaine and 

were cryoprotected by addition of 20 %(v/v) ethylene glycol (Table 19). These crystals diffracted 

to ~ 10 Å resolution and belonged to the tetragonal crystal system, with a primitive unit cell 

(a=b=211 Å, c=244 Å). This data was not suitable for structural analysis. 

Following several rounds of fine-screening to optimize the crystal growth conditions, 

further crystals were obtained, and several low resolution X-ray diffraction datasets were 

collected. The best diffracting crystals were grown from 4 %(w/v) PEG 8000, 0.2 M 

EPPS/KOH pH 7.9, and cryoprotected by addition of 20 %(v/v) 2,3 butanediol. These crystals 

had a hexagonal appearance (Figure 16) and diffracted X-rays to a modest resolution. The crystal 

space group was P6, with unit cell dimensions a=b=92 Å and c=47 Å. This conforms to the 

known dimensions and symmetry of the mature CA hexamer array 49, immediately suggesting 

the likely nature of the packing in these crystals. Molecular replacement calculations (carried out 

by Dr Richard Kingston) indicated that the CA-NTD could be reliably positioned in the unit 

cell, and the packing arrangement was similar to that of the mature CA lattice, despite the 

presence of the p10 extension on CA and the resulting disruption of the N-terminal β-hairpin. 

We also attempted to stabilize the hexameric arrangement using disulphide bond formation 

(S210C, data not shown), which did not crystallize. Hence no further work was carried out with 

p10-CA crystallization. 
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Table 19: Representative crystallization conditions of p10-CA resulting from initial 
crystallization screens 

Screen Well Crystal Condition Cryoprotectant 

RLK Screen 5 E9 8 %(w/v) PEG 5000 MME  
0.20 M EPPS/KOH pH 7.90 
0.05 M betaine 

10 % PEG 5000 MME 
0.20 M EPPS/KOH pH 7.90 
0.05 M betaine 
20 %(v/v) ethylene glycol 

RLK Screen 1 B6 12 %(w/v) PEG 8000 
0.20 M MES/KOH pH 6.10 

Not tested for diffraction 

RLK Screen 1 B10 12 %(w/v) PEG 8000  
0.20 M Bis-tris/HCl pH 6.70 

12 %(w/v) PEG8000 
0.2 M Bis-tris/HCl pH 6.7 
20 %(v/v) ethylene glycol 

RLK Screen 1 D10 12 %(w/v) PEG8000 
0.2 M β-alanine/KOH pH 10.3 
 

15 %(w/v) PEG8000 
0.2 M β-alanine/KOH pH 10.3 
20 %(v/v) glycerol OR 20 %(v/v) 
ethylene glycol 

RLK Screen 2 B10 12 %(w/v) PEG8000 
0.2 M PIPES/KOH pH 6.7 

12 %(w/v) PEG8000 
0.2 M PIPES/KOH pH 6.7 
20 %(v/v) ethylene glycol 

 

 
Figure 16: Hexagonal appearance of fine-screened RSV p10-CA crystals. 

 

3.2.3.2 p10-NTD 

In the case of p10-NTD, crystals were again obtained under multiple conditions (Table 20). 

While these crystals diffracted X-rays quite strongly, diffraction patterns were frequently not 

indexable, and clearly not the result of diffraction by a single lattice. This may be related to the 

cryoprotection and freezing of the crystals – a difficulty previously encountered by the group at 

Purdue University who studied essentially the same construct. Because of difficulties with cryo-

protection, their data collection was performed at ambient temperature 149. All attempts to 
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vitrify crystals grown with phosphate or PEG 8000 as the precipitant (Table 20) were 

unsuccessful, resulting in uninterpretable diffraction patterns. However, crystals grown from 0.2 

M beta-alanine/KOH pH 10.30 + 0.75 M sodium tartrate (Figure 17) were successfully cryo-

protected by increasing the sodium tartrate concentration, and useful diffraction data were 

collected to 2.6 Å resolution (Sections 3.2.3.3 and 3.2.3.4). The resolution of the data was limited 

by physical dimensions of the detector. 

 

Table 20: Crystallization conditions of p10-NTD resulting from initial crystallization 
screens 

Screen Well Crystal Condition Cryoprotectant 

RLK Screen 1 D4 26 %(w/v) PEG 8000 
0.20 M AMPSO/KOH pH 9.10 

25 %(w/v) PEG 8000 
20 %(v/v) ethylene glycol 
0.20 M AMPSO/KOH pH 9.10 

RLK Screen 1 G11 0.75 M sodium tartrate 
0.20 M β-alanine/KOH pH 10.30 

1.80 M sodium tartrate 
0.10 M β-alanine/KOH pH 10.30  

RLK Screen 5 G12 0.62 M NaH2PO4 
0.48 M K2HPO4 (pH 6.40) 

0.62 M NaH2PO4 
0.48 M K2HPO4 (pH 6.40) 
15 %(v/v) 2,3 butanediol 

 

 
Figure 17: RSV p10-NTD crystals grown from tartrate salts. 

 

3.2.3.3 Structure determination 

The structure was determined using the method of molecular replacement (program Phaser 153) 

using the structure of the NTD alone (PDB ID 1EM9) as a search model. It was immediately 

apparent that the dimer characterized by the group at Purdue, was recapitulated in these crystals. 
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For each of the two molecules within the asymmetric unit, the p10 moiety was built de novo, and 

the structure completed following multiple rounds of model building and refinement with the 

programs COOT and Refmac, respectively 123,124. The completed model was refined with 

individual isotropic B-factors, and analyzed using the TLSMD protocol 154,155, which helps 

determine if partitioning the model into rigid groups, and treating their collective displacements 

with the Translation-Libration-Screw (TLS) model 156 offers significant improvement in the fit 

of the crystallographic model to the diffraction data. This analysis suggested that partition of 

each chain into two TLS groups would significantly improve the crystallographic model. The 

optimal binary partition segregates the first 31 amino acids of the chain (encompassing p10 39-

62 and CA 1-7) from the remainder of the molecule. This decomposition is consistent with the 

structural hinge point apparent when the two molecules in the asymmetric unit are superimposed 

(Figure 18.A, Section 3.2.3.4) and also corresponds to the point at which the polypeptide chain 

must bend, to facilitate formation of the biologically relevant hexameric ring structure recently 

visualized by electron microscopy 157, as discussed in Section 3.4. Table 21 displays data 

collection and refinement statistics. 
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Figure 18: A structural hinge around Gly 8 of CA is apparent in the p10NTD structure.  
Superimposition of the two molecules (red and yellow) in the asymmetric unit (A) and the molecule from the 
earlier X-ray structure (blue; B), based on the NTD coordinates, highlights a hinge motion around Gly 8 
(black) of CA within the sequence connecting the clasp to the body of each NTD. This hinging movement is 
responsible for most of the observed variation between the structures. 
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Table 21: p10-NTD crystallization conditions, and statistics associated with the X-ray 
diffraction data and atomic model. 

Crystallization Conditions 
Protein concentration (μM) 374 
Reservoir Solution 0.75 M Sodium tartrate 

0.20 M β-Alanine/KOH pH 10.3  
Temperature (°C) 18 

X-ray diffraction data 
Cryoprotectant 1.9 M Sodium tartrate 

0.05 M β-Alanine/KOH pH 10.3  
Space group C2221 
Unit cell lengths (Å) a= 59.53  b= 71.45, c= 166.49  
X-ray source Rigaku MicroMax-007 HF Rotating 

Copper Anode  
X-ray wavelength (Å) 1.54178 
Sample Temperature (K) 110 
Data resolution limits (Å)a 45.7 - 2.58 (2.62  - 2.58) 
Number of unique observations a 10848 (310) 
Mean Redundancy a 11.6 (6.9) 
Completeness (%)a 93.9 (57.0) 
Rmeasure

 a 0.043 (0.228) 
Rmerge

 a 0.042 (0.209) 
Mean I / σI a 77 (10) 

Crystallographic models 
Number of protein molecules in the asymmetric unit 2 
Rwork/ Rfree

b 0.188/ 0.271 
Total number of protein atoms 2575 
Number of water molecules 42 
Other ligands - 
Disorder Model 2 TLS groups per protein molecule + 

Residual Isotropic B-Factors  
Mean total isotropic B-factor, all protein atoms (Å2) 34 
Bulk Solvent model Mask 
RMSD from ideal geometry : Bond lengths (Å) / 
Bond angles (°) 

0.012 / 1.661 

Residues in Favoured / Allowed  regions of 
Ramachandran plot (%)c 

95.0/98.8 

a Numbers in parentheses are for the highest resolution shell. 
b Calculated from a randomly selected 5% of observations omitted from all model refinement. 
c Defined by the MolProbity web-server. 
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3.2.3.4 Structure description of p10-NTD 

The refined structure is in general agreement with that previously published 149, showing a 

dimeric interaction between two p10-NTD monomers with some minor differences apparent in 

the “clasp” created by the p10 domain (Figure 18). The clasp is characterized by elevated atomic-

displacement parameters and weak electron density, as it was in the prior structure. As in the 

previous structure, the last 25 amino acid residues from p10 as well as the first 8 residues of CA 

together form the clasp, which includes a two-turn α-helix. This structure prevents formation of 

the N-terminal β–hairpin which is a conserved structural feature of mature CA. For each of the 

two monomers in the asymmetric unit, exchange of the p10 clasp with a crystallographically 

related molecule, creates a dimer (Figure 9). As the sequence connecting the clasp to the body of 

each NTD is flexible, the two observed dimers differ subtly both from each other and from the 

earlier determined dimer structure. When subunits from the different dimers are superimposed 

on each other (Figure 18.B) a hinge motion around Gly 8 of CA is apparent, which is responsible 

for the observed structural variation. This intrinsic flexibility wasn’t apparent in the originally 

reported crystal structure 149, where there was a single molecule in the asymmetric unit of the 

crystal, and a single conformation for the dimer. Recent image reconstruction based on cryo-

electron tomography (see Discussion) of the immature RSV lattice at ~ 8 Å resolution 157 

confirmed the model of the immature RSV CA-NTD hexamer depicted in Figure 10. In order to 

create the biologically relevant species, visualized by cryo-electron tomography, the polypeptide 

chain bends very markedly around the Gly 8 hinge (Section 3.4), allowing creation of a more 

open hexameric assembly. The intrinsic variability in the hinge region between the two 

monomers in the dimer, and by inference, within the hexamer, might contribute to imperfections 

in Gag lattice 27. 

 

3.3 Constructs containing both N- and C-terminal extensions to 

CA 

The results presented above, as well as prior literature reports 18,35,37,42,130 suggest that 

sequences downstream of CA may be strictly necessary for CA to assume the hexameric 

configuration characteristic of the immature particle. Therefore, the investigation was extended 

using a second group of constructs containing both N- and C-terminal extensions to CA. A 

short assembly domain between the folded portions of CA and NC appears critical for 

formation of the immature Gag shell. Based on an extensive mutagenesis investigation, the 
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domain includes the last 8 residues of CA, all 12 residues of SP, and the first 4 residues of NC 

158. Therefore, the C-terminal extensions in the second group of constructs included the spacer 

region (SP) and the first 4 amino acids of NC. In addition to these native RSV sequences, we 

also appended a GS or a GSGS spacer followed by a coiled-coil domain capable of dimerizing, 

trimerizing or hexamerizing the molecule. These non-native C-terminal oligomerization domains 

substituted the naturally occurring NC domain, which is known to be highly flexible and 

refractory to crystallization. It was hoped that analysis of these constructs would provide some 

insights into the role that SP played in immature lattice formation. The sequences of the coiled-

coil oligomerization domains are all variants of the leucine/isoleucine zipper 159 and were taken 

from known crystal structures 160-163. Table 22 shows the sequence of the coiled-coil domains 

appended at the C-terminus of these constructs. 

 

Table 22: Coiled-coil sequences appended at the C-terminus of constructs containing 
both N- and C-terminal extensions 

Coiled-
coil type Sequence PDB 

ID Reference 

Dimeric  RMKQLEDKVEELLSKNYHLENEVARLKKLVG 2ZTA 162 
Trimeric  RMKQIEDKIEEILSKIYHIENEIARIKKLIG 1GCM 160,161 

Hexameric  GELKAIAQELKAIAKELKAIAWELKAIAQGAG 3R3K 163 
 

In addition to the variations at the C-terminus of CA we also varied the length of the N-terminal 

p10 domain, and used either the last 24 or 29 amino acids. This was based on our 

crystallographic analysis of the p10-NTD, which suggested that p10 residues 34 to 38 are 

disordered. As crystallization is known to often be extremely sensitive to minor additions and 

deletions, it was hoped these variations would increase the probability of crystallization. 

 

3.3.1 Description and cloning of constructs  

Cloning of constructs was carried as explained in Section 2.3.1.2. Table 23 and Figure 19 

describe and illustrate target proteins expressed by these constructs. 
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Table 23: Constructs containing N- and C-terminal extensions (the coiled-coil 
constructs) 

Plasmid 
identifier 

Description of target protein* 

pSJ470 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GS 
spacer and a dimeric coiled-coil domain 

pSJ471 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GS 
spacer and a trimeric coiled-coil domain 

pSJ472 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GS 
spacer and a hexameric coiled-coil domain 

pSJ473 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GSGS 
spacer and a dimeric coiled-coil domain 

pSJ474 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GSGS 
spacer and a trimeric coiled-coil domain 

pSJ475 RSV p10 (last 24 amino acids) to NC (first 4 amino acids) followed by a GSGS 
spacer and a hexameric coiled-coil domain 

pSJ476 RSV p10 (last 29 amino acids) to NC (first 4 amino acids) followed by a GS 
spacer and a dimeric coiled-coil domain 

pSJ477 RSV p10 (last 29 amino acids) to NC (first 4 amino acids) followed by a GSGS 
spacer and a trimeric coiled-coil domain 

pSJ478 RSV p10 (last 29 amino acids) to NC (first 4 amino acids) followed by a GSGS 
spacer and a hexameric coiled-coil domain 

*Table describes target proteins after release from fusion protein using TEV protease. 
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Figure 19: Schematic diagrams of RSV Gag domains and constructs carrying N- and C-terminal extensions 
to CA. 
Constructs were recombinantly expressed with a TEV-cleavable MBP tag at the N-terminus. Constructs p470 & 
p476, p474 & p477, and 475 & 478 only differ in the length of the p10 region. In addition to the CC constructs 
displayed in this figure, a control construct was created lacking the CC domain at the C-terminus (pSJ466). Numbers 
at the top represent amino acid positions marking the borders of RSV Gag subdomains. 
 

3.3.2 Expression and purification of constructs 

The expression and purification protocol (including buffers and expression media) was identical 

to the one used for p10-CA and p10-NTD (Section 3.2.2), except that the ion-exchange 

chromatography step was removed. As previously described, SDS-PAGE was used to analyze 

expression, solubility and purity of the fractions following the affinity and size exclusion steps. 

For all constructs the fusion protein size is ~75 kDa and the target protein size ~33 kDa (~700 

vs ~300 aa, respectively). The majority of constructs were over-expressed in soluble form (Figure 

20). The chromatograms from size exclusion runs (Figure 21) indicated that these constructs all 
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exist as high mass species in solution, eluting at or near the void volume of the size exclusion 

column used (16/600 Superdex 200), with an estimated hydrodynamic radius of above 53 Å 

(>5.3 nm: based on SEC column calibration). This is very different from the elution volume 

expected of a monomeric species. Purification of five of these constructs was attempted (471, 

472, 473, 475, 476). A control construct, lacking a CC domain at the C-terminus (p466), eluted at 

a later volume (Figure 22). Hence, as expected, the CC domain is likely responsible for the 

assembly or aggregation of these constructs. In all cases, the proteins bound non-specifically to 

amylose resin during the affinity step (Figure 23), and were difficult to subsequently concentrate 

using centrifugal concentrators (10 kDa cutoff vivaspin 20, Sartorius). However, there was no 

visible precipitate in the protein solutions being concentrated, indicating that the proteins were 

likely adhering to both affinity chromatographic media and concentrator membranes.  

 

 
Figure 20: Expression and solubility testing of construct 476 (a p10-CA-SP construct with a dimerizing 
coiled-coil domain appended). 
Samples analyzed by SDS-PAGE were taken from: cultures before induction with IPTG (-IPTG), at the conclusion 
of expression following IPTG induction (+IPTG) and clarified lysate (supernatant). The expected size of the 
fusion protein is 70 kDa (red arrow). M = protein molar mass standards in kilodaltons (kDa). 
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Figure 21: Size exclusion chromatography of construct 476 on Superdex 75 resin. 
1 mg in total was loaded on SEC column. Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A 
band of the expected size (34 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons 
(kDa). 
 

 
Figure 22: Size exclusion chromatography of a control construct on Superdex 75 resin. 
7.8 mg in total was loaded on SEC column. Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A 
band of the approximate expected size for p10-CA-SP (30 kDa) is visualized by SDS-PAGE. M = protein molar 
mass standards in kilodaltons (kDa). 
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Figure 23: Non-specific binding to amylose affinity resin. 
TEV= rTEV protease. E= elution. R= amylose resin after elution. M = protein molar mass standards in 
kilodaltons (kDa). 
 

3.3.3 Preliminary characterization of constructs containing both N- and C-

terminal extensions 

Despite the presence of high mass species, no highly organized assembly was observed for any 

of the constructs examined by negative stain EM with only clumps of aggregated electron dense 

material apparent (results not shown). Application of many other biophysical techniques was 

hampered by the discovery that some of the purified protein preparations, maintained on ice, 

became visibly cloudy when they were warmed to room temperature. For construct 476, the 

temperature-dependent aggregation was investigated using Dynamic Light Scattering. When 

analyzed at 4 °C, the apparent hydrodynamic radius (RH) of the protein was ~10 nm ([476] = 3.1 

mg/ml in standard storage buffer + 10 %(v/v) glycerol) which increased to ~ 800 nm as the 

temperature was increased to 18 °C. This was partially reversible. When the temperature was 

returned to the starting value (4 °C) RH dropped to ~ 100 nm in 5-10 minutes and further 

dropped to ~50 nm over several hours (Figure 24). 
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Figure 24: Preliminary dynamic light scattering studies showing the effect of 
temperature on coiled-coil construct 476.  
Raising the temperature of the protein solution caused a large increase in observed size. A 
subsequent decrease in temperature (top panel) causes a correspondent decrease in the 
mean hydrodynamic radius (RH) of the protein (bottom panel) 

 

3.3.4 Attempts to improve solution behavior of CC constructs 

Because of the difficulties encountered with membrane adherence and temperature-dependent 

aggregation, purification of the coiled-coil constructs without cleavage of the fusion partner was 

attempted, since MBP has a solubilizing effect on many proteins (164). Unfortunately, the fusion 

proteins did not exhibit markedly improved solution properties. Subsequently, a buffer screen 

was then performed to identify optimal conditions for protein concentration and analysis which 

require higher yields of protein and improved protein solubility. In order to perform the buffer 

screen, the purified protein preparation, in standard storage buffer (SEC/storage buffer; Table 

18) was divided into multiple aliquots and a 1:1 dilution was performed with buffered stock 

solutions of variable pH and composition. The composition of the stock solutions that were 

mixed with the purified protein are displayed in Table 24. The mixtures (~ 1.5 ml each) were 

then concentrated at 4°C using 10 kDa cutoff vivaspin 2 centrifugal concentrators (GE 

Healthcare). Between rounds of centrifugation absorbance spectra were collected using the 

Nanodrop (Section 2.5.2) to monitor light scattering and absorbance at 280 nm. Neither Triton-

X 100 (0.1 %), trehalose (0.9 M), higher salt (300 mM NaCl), or higher pH (pH 10) increased the 

speed of protein concentration when tested on purified 471, 472, 475 and 476 constructs. 

Addition of Trehalose actually increased aggregation as protein solutions became visibly cloudy 
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after mixing with the trehalose-containing stock buffer. Concentration improved only 

incrementally in the presence of 5-10 % glycerol. 

Table 24: Concentrated stock solution used in the buffer screen 
Concentrated stock solution (pre-dilution) 
0.2 % Triton X-100 in SEC buffer 
1.9 M trehalose in SEC buffer 
600 mM NaCl in SEC buffer 
10-20 % glycerol in SEC buffer 
400 mM NDSB-195 in SEC buffer 
500 mM L-Arginine and 140 mM Glycine in 
SEC buffer 
40 mM tetra-sodium borate (pH 10), 150 mM 
NaCl, 0.5 mM sodium azide (NaN3), 0.25 
mM TCEP-HCl 
 

Finally, concentration of the proteins was attempted in the presence of 200 mM NDSB-195 or 

250 mM L-Arginine/ 70 mM Glycine. NDSB-195 is a non-detergent sulphobetaine, which 

belongs to a class of mild protein solubilization agents 165. The use of amino acids, particularly 

arginine, is well documented in improving protein solubility 166,167. Both additives increased 

protein solubility, allowing concentrations of 10 mg/ml to be attained, when beforehand a 

concentration of 3 mg/ml was hardly achievable. 

 

3.4 Discussion and Concluding Remarks 

The objective of this part of the work was to visualize the hexameric “immature” arrangement of 

RSV CA by X-ray crystallography. p10-NTD and p10-CA crystallized reasonably readily, 

however only the crystals of p10-NTD diffracted X-rays to atomic resolution, and these were 

associated with the previously established dimeric arrangement of p10-NTD (Figure 9). The X-

ray structure of p10-NTD generated here, does provide some further insight into the nature of 

the molecule, strongly suggesting that the clasp created by the p10 sequence may hinge around 

Gly 8 of CA. A recent study used cryo-electron tomography and subtomogram averaging to 

structurally characterize immature RSV virus-like particles (VLPs) assembled in vitro from the 

Gag polyprotein 157. The cryoEM structure, at a resolution of ~ 8 Å, validates the earlier 

proposed model for the hexamer (Figure 10). The clasp creates the connection between 

neighboring NTDs in the hexameric ring, although the sequences connecting each p10-CA 

clamp with the neighboring subunit are disordered, and cannot be identified in the image 

reconstruction. This is in agreement with our crystallographic observations, which highlight the 
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intrinsic flexibility of this sequence (Figure 25). Underneath the NTD, the CTDs dimerize, in a 

fashion that is conserved among all immature retroviruses studied to date (reviewed in 19). 

Density is also visualized for the downstream spacer peptide, which forms a hexameric helical 

bundle, consistent with its known role in the oligomerization of Gag, and the stabilization of the 

immature particle. The conformation of p10-NTD within the Cryo-EM derived hexamer and X-

ray diffraction derived dimer are compared in Figure 25, which shows very clearly the nature of 

the bending motion around Gly 8. Remarkably, the crystal structure actually hints at the 

structural transformation of the dimer needed to generate the biologically relevant hexamer. 

Formation of this hexamer is apparently driven by the presence of the CTD and the spacer 

peptide, that are absent in the species crystallized. 

 

 
 

Figure 25: Superimposition of p10-NTD 
subunits from dimeric (X-ray) and hexameric 
(EM) assemblies. 
A monomer, from the EM-derived hexamer 
model (grey) is superimposed on the monomers 
from the dimers visualized by X-ray 
crystallography (yellow and red, this work. Blue, 
previously published X-ray structure). The hinging 
motion around Gly 8 of CA is clearly apparent. 
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Interestingly Goh et al (2015) independently constructed a model of the immature RSV 

virion using molecular dynamics simulation, incorporating structural restraints, as well as 

restraints based on mutagenic data 168. This “hybrid technique” atomic model was in good 

general agreement with the cryo-EM reconstruction. Overall these studies confirmed the 

significance of the p10 domain for immature particle assembly in RSV, as well as the relationship 

between the crystallographic dimer, and the biologically relevant hexamer. It would now be of 

interest to study the behavior of the isolated p10 or p10-CA domain in solution, to establish if 

any structure within the clamp “pre-forms” in the absence of intersubunit interactions, and if the 

crystallographically observed hinging motion takes place in solution. This might potentially be 

achieved using solution NMR spectroscopy. 

One peripheral finding of the structural analysis was that p10-CA was capable of forming 

the mature CA lattice in the absence of the N-terminal β-hairpin (Section 3.2.3.1). This 

contradicts some models, which suggest that hairpin formation is obligate for mature CA 

assembly (see Section 3.1 for references). This observation also appears worthy of further 

investigation. 

Despite the difficulties faced purifying the coiled-coil constructs, the experiments were 

not completely uninformative. Based on the recent low resolution structure of the RSV 

immature Gag lattice, Schur et al (2015b) suggested that accessibility of the RSV protease to p10-

CA cleavage site is low 157. This was reinforced with in vitro proteolysis experiments showing that 

protease cleavage of assembled RSV Gag fragment occurs at much lower rate than cleavage of 

unassembled proteins 157. TEV protease cleavage efficiency of the coiled-coil constructs is also 

markedly suppressed when compared with p10-NTD and p10-CA, which carry a chemically 

identical N-terminus. This is particularly evident at high concentrations of the coiled-coil 

construct (data not shown). This may very well be due to lowered TEV protease accessibility, 

resulting from the aggregation or assembly of the coiled-coil constructs. However, it remains 

unclear if the mode of assembly has any biological relevance. This requires further investigation. 

The effect of temperature in promoting the assembly of the coiled-coil constructs is also 

of some interest (Figure 24). RSV CA can be assembled into tubes simply by raising temperature 

to physiological values (Section 4.3.3). In addition, some sequences relevant to assembly are 

known to undergo temperature-dependent conformational changes. For example, the helicity of 

the HIV SP1 region increases with temperature as observed by circular dichroism (CD) 169. 

Therefore, it could be worthwhile to experimentally probe the temperature dependent assembly 

of the coiled-coil constructs and to determine the resulting assembly product. 
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While the observation that arginine suppresses aggregation of these proteins may allow 

their further analysis, in totality, the preliminary results obtained with the coiled-coil variants 

were not encouraging. In addition, following the development of direct electron detectors, and 

the associated “resolution revolution” in electron microscopy 170,171, electron microscopy (EM) 

analysis of retroviral particles is now the most direct route to studying the immature Gag lattice. 

As a result of these new developments in EM, the immature lattice of retroviral Gag within RSV, 

MPMV and HIV has recently been resolved, albeit still at fairly modest resolution. These studies 

have made apparent that unlike the mature core, whose basic molecular architecture is common 

to all ortho-retroviruses, the immature core is structurally more divergent. This is particularly 

evident in the different arrangement of the N-terminal domain of CA (CA-NTD) within 

immature HIV-1, RSV and M-PMV 145,157,172. These EM-based reconstructions of the 

immature lattice emerged during the course of this project. Recent crystallographic analysis of a 

HIV-1 CTD-SP1 Gag fragment is in agreement with the EM-based reconstructions, showing a 

goblet-shaped hexamer in which the cup comprises the CTD, and the stem comprises a 6-helix 

bundle 29. Wagner and colleagues (2016) report that of the many crystals analyzed in this study, 

the majority contained the mature-like dimeric arrangement of CA-CTD, while crystals 

containing the immature-like arrangement were scarce. They speculate that the scarcity of these 

crystal forms is due to the disordered nature of the sequence at the CA-SP1 junction, which 

which undergoes coupled folding and binding to create the immature hexamer lattice. This 

analysis suggests that crystallographic analysis of a RSV CTD-SP construct could potentially be 

informative - something that was not attempted here. 
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Chapter 4: Investigation of factors that modulate 

the in vitro assembly of the Rous Sarcoma Virus 

capsid protein 

4  

4.1 Overview 

Assembly of the mature retroviral capsid is a critical step in the retroviral replication cycle 19. A 

correctly formed capsid is essential for infectivity. Effective in vitro assembly systems have been 

developed to enable study of retroviral capsid assembly, most notably for Human 

Immunodeficiency Virus (HIV), Rous Sarcoma Virus (RSV), and Mason Pfizer Monkey Virus 

(MPMV) (reviewed in 42). These in vitro assembly systems have provided critical insights into the 

molecular interactions that dictate retroviral core formation in vivo. However, many details 

remain unclear. In particular, the physical forces which modulate in vivo capsid assembly are 

incompletely understood. In this part of my PhD research, the role of temperature and charge-

charge interactions in the in vitro assembly of the RSV capsid protein (CA) were investigated. To 

this end, we examined assembly of wild-type RSV CA at physiological and sub-physiological 

temperatures, and varying salt concentrations. In addition, several RSV CA charge-neutralization 

mutants were constructed and their assembly characterized. Finally, some of these experiments 

were extended to HIV-1 CA to see if the findings were generalizable to other retroviruses. 

Transmission electron microscopy (TEM) and other biophysical techniques were used to analyze 

in vitro assembly and characterize the assembly products throughout. Increased understanding of 

retroviral capsid assembly would certainly offer new avenues for development of antiviral 

therapies. 

 

4.2 Heterologous Protein Expression and Purification of RSV CA 

Recombinant RSV CA was produced by heterologous expression in the Rosetta™2 (DE3) strain 

of E. coli., utilizing the IMPACT™ expression system [NEB]. Expression constructs, encoding 

RSV CA fused to a modified Mycobacterium xenopi GyrA intein were created, as detailed in Section 

2.3.2.1. DTT-mediated cleavage of the expressed intein fusion proteins releases the naturally 

occurring CA protein.  
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Expression; bacterial culture; lysis; affinity chromatography; and DTT-mediated cleavage 

of the intein fusion protein was carried out as previously described 150 following the general 

protocols described in Sections 2.4.3, 2.4.4 and 2.4.5.3. Working at 4 °C, CA was further purified 

by passing the cleaved protein (in lysis buffer, Table 25) back over a bed of chitin beads, to 

remove any residual intein molecules. The protein was then dialyzed for 8 hours against a 

thioester hydrolysis buffer (Table 25) to fully hydrolyze the C-terminal thioester group resulting 

from intein cleavage. The elevated pH of the buffer accelerates hydrolysis of the thioester 173. 

Finally, RSV CA was concentrated, using a 10 kDa cutoff vivaspin 20 [Sartorius] centrifugal 

concentrator, and purified to homogeneity using size-exclusion chromatography on Superdex 

200 resin [GE Healthcare] equilibrated in the standard protein storage buffer (Table 25). SDS-

PAGE was used to analyze expression, solubility and purity of the fractions following affinity 

and size exclusion steps (Figure 26). The protein eluted from the preparative SEC column at the 

volume expected of a monomer (Figure 26) based on column calibration (Section 2.5.4). Protein 

concentrations were estimated using UV absorption measurements at 280 nm 110 (Section 2.5.2) 

and purified RSV CA was maintained at 4 °C until use (typically up to two weeks). 

 

Table 25: Buffers used for purification of  RSV CA 
Buffer Composition 
Lysis buffer 
 

12.5 mM TAPS/KOH pH 9.0 
400 mM NaCl 

Cleavage buffer Lysis buffer + 100 mM DTT 
Wash buffer Lysis buffer + 0.1 % (v/v) Triton-X 100 
Thioester hydrolysis buffer 25 mM sodium tetraborate/NaOH pH 10.0 

150 mM NaCl 
SEC/storage buffer 12.5 MOPS/KOH pH 7.0 

150 mM NaCl 
0.5 mM sodium azide 
0.25 mM TCEP.HCl 
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Figure 26: Size exclusion chromatography of RSV CA on Superdex 200 resin. 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for RSV CA (26 
kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa). 
 

4.3 Effect of temperature and ionic strength on assembly 

 

Temperature and or ionic strength are known to regulate assembly of many proteins. 

Consequently, we systematically tested the effects of these factors on RSV CA assembly. Initial 

investigations were carried by dialyzing RSV CA solutions (600-700 μM) for 16-24 hours against 

neutral pH buffers containing 25 - 1500 mM NaCl, at temperatures of 4 °C and 37 °C. To 

monitor assembly, samples were then negatively stained and examined using TEM.  

 

4.3.1 Verification of the monomeric state of RSV CA  

It was confirmed that RSV CA existed as a monomer prior to initiating assembly experiments. 

Purified RSV CA was concentrated to 600-700 µM in a neutral-pH storage buffer (Table 18) 

containing physiological concentrations of salt (150 mM NaCl), and then centrifuged at 4 C and 

20,000 ×g for 45 minutes. After centrifugation, the supernatant was maintained at 4 C before 

being used for assembly experiments. Dynamic light scattering (DLS; 2.5.6) was used to analyze 

25 μL of the supernatant immediately prior to setting up these experiments. DLS revealed the 

presence of monodisperse species with an estimated hydrodynamic radius (RH) of ~ 3 nm, 
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corresponding to the size of the RSV CA monomer 113,134,174. The absence of assembly 

products within the purified CA preparation was also confirmed visually using TEM. 

 

4.3.2 Assembly of RSV CA at sub-physiological temperatures (4 C) 

When RSV CA solutions (600-700 µM) were dialyzed for 16-24 hours at 4 C against neutral pH 

buffers containing 25 – 1500 mM NaCl, RSV core-like-particles (CLPs) assembled at low ionic 

strength (< 100 mM NaCl), being particularly evident at 25 mM NaCl (Figure 27.A). No 

assembly products were observed at physiological (150 mM) salt concentrations or above. The 

CLPs are highly polymorphic and strongly resemble native RSV cores which have a mean 

diameter of ~ 80 nm 54,175,176. In common with native cores the CLPs sometimes have a faceted 

and polygonal appearance, but may also exhibit extensive and continuous surface curvature. 

Based on the fullerene model of the mature retroviral capsid 43,46,61 the CLPs almost certainly 

contain both CA hexamers 49,129 and pentamers 113,129. The result confirms that RSV CA is 

primed to self-assemble, and will do so at low temperature and ionic strength. This is a rather 

unanticipated result because high ionic strength conditions are known to promote in vitro CA 

assembly for many retroviruses. As noted in Section 4.6, HIV-1 CA assembles readily in the 

presence of elevated NaCl concentrations, while RSV CA assembly is promoted by addition of 

polyatomic anions like phosphate 177. However, in general, there are a number of other proteins 

that are documented to assemble under low salt conditions, (see Section 4.6.3.1 for discussion). 
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Figure 27: Varying ionic strength and temperature changes the mode of RSV capsid assembly. 
Electron micrographs showing different assembly products formed by RSV CA at various temperature and ionic 
strength, while maintaining neutral pH (7.0). RSV CA assembles into (A) core-like particles (CLPs) in low ionic 
strength buffer (25 mM NaCl) at 4 C. Red arrows highlight CLPs. No assembly is observed at ionic strengths > 
100 mM at 4 C. When the temperature is increased to 37 C, tubes form when RSV capsid is buffer exchanged into 
(B) 25 mM NaCl (C) 50 mM NaCl and (D) 150 mM NaCl. A mixture of CLPs and tubular assemblies is observed 
when ionic strength is raised to (E) 800 mM NaCl, while tubes disappear at (F) 1500 mM NaCl, where CLPs and 
small icosahedral particles are the sole observed assembly products. Samples were examined by negative-staining. 
Images C, E and F were taken by Dr J. Hyun Scale bar = 200 nm. 
 

4.3.3 Assembly of RSV CA at physiological temperatures (37 - 42 C) 

When the experiments were repeated at physiological temperatures, quite different results were 

observed. High temperature (37 – 42 C) and low salt concentrations (25 -150 mM) promoted 

the exclusive formation of CA tubes (Figure 27.B-D). These tubes appeared completely 

analogous to the HIV-1 CA hexamer tubes which are readily assembled in vitro at high salt 

concentrations 45,59,137,178-187. Image analysis of tubes that had partially “unrolled” and were laid 

flat on the carbon support film showed convincingly that the tubes were built from capsid 

hexamers (analysis performed by Dr Jae Hyun; data not shown). Tube formation appeared to be 

most efficient at sub-physiological salt concentrations. As the salt concentration was raised 

above physiological levels, RSV CA still assembled, but the outcome of the assembly process 

shifted. At 800 mM NaCl, a mixture of tubes and Core-like-particles (CLPs) was observed 

(Figure 27.E), while at 1500 mM NaCl tubes were no longer observed, however CLPs and small 
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spherical particles were abundant (Figure 27.F). While tubes are made of hexamers, the small 

spherical particles are T=1 icosahedra, constructed from pentamers alone 113,129. The CLPs are 

almost certainly composed of both hexamers and pentamers.  

Two firm conclusions can be drawn from the observational experiments described in 

Sections 4.3.2 and 4.3.3. Firstly, assembly of RSV CA is strongly promoted at physiological 

temperatures. Secondly, the exact outcome of the assembly process is controlled by the 

temperature and the ionic strength of the medium. For example under low ionic strength 

conditions (25mM NaCl) RSV CA assembles into CLPs (pentamers + hexamers) at 4C, and 

into tubes (hexamers alone) at 37C. At high ionic strength conditions (1500 mM NaCl) RSV CA 

does not assemble at 4C, and assembles into CLPs at 37C. The results highlight the very 

complex and delicate balancing act CA is engaged in and that varying temperature and ionic 

strength fundamentally changes the mode of capsid assembly. 

 

4.3.4 Kinetics of tube assembly is strongly dependent on temperature, CA 

concentration and ionic strength 

 

4.3.4.1 Development of a turbidimetric assay to follow tube assembly 

Because of the biological relevance of the temperature-dependent tube assembly, we decided to 

investigate this process in a more quantitative fashion. We developed a light scattering assay to 

follow tube assembly, and used it to explore the effects of temperature, protein and salt 

concentration on the assembly process. 

The physical basis of the assay is the attenuation of incident light (turbidity) due to 

scattering by the tubes. This was measured using a conventional absorption spectrophotometer. 

Similar assays have previously been used to study HIV-1 CA tube formation 181,183,187-191 as 

well as the phosphate-driven assembly of RSV CA into CLPs 177,192. For long thin tubes 

(relative to the wavelength of the incident light) the turbidity is a direct measure of the mass of 

protein that has polymerized 193,194.  

To accelerate tube assembly, we used an inert “crowding agent” when performing the 

assay. The underpinning motivation is that the virion interior is an extremely crowded milieu 

with hardly any unoccupied space between biomolecules. This “molecular crowding” effect can 

be mimicked in laboratory settings by using concentrated solutions of various simple and 

chemically inert polymers, thus reducing the volume available to the biomolecules of interest. In 
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this study, we were able to increase the rate and extent of tube assembly by using Ficoll 400, an 

inert crowding agent. Ficoll 400, which is a nonionic synthetic polymer of sucrose, was 

introduced immediately prior to measurement by mixing stock solutions of crowding agent and 

protein 183. In order to initiate assembly, cuvettes containing the cold assembly mixtures were 

placed immediately into the UV spectrophotometer that had the sample compartment 

equilibrated to 34 C. Further details on sample preparation and the experimental method in the 

turbidimetric assembly assay can be found in Section 2.5.8. Transmission electron microscopy 

(Section 2.5.9) was used to verify that tubes were the sole assembly product under all studied 

conditions. 

 

4.3.4.2 Increasing temperature increases efficiency of tube assembly 

In the initial experiments, the turbidimetric assay was used to explore the effect of temperature 

on tube assembly. The temperature was varied (6 - 34 °C), while the CA concentration (300 μM) 

and NaCl concentration (75 mM) were held constant (Figure 28). Tube assembly was monitored 

by measuring apparent absorbance at 250 nm over time. Tube assembly was undetectable at 

lower temperatures (≤13 °C), and hardly evident at room temperature (20 °C), even in the 

presence of the inert crowding agent. However, assembly efficiency increased dramatically at 

higher temperatures (≥ 27 °C) in agreement with the initial EM observations (Figure 27). 
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Figure 28: RSV CA tube assembly is strongly temperature dependent. 
Assembly of capsid hexamer tubes could be followed more quantitatively by measuring the increase in light 
scattering. The graph shows change in absorbance at 250 nm (∆ Absorbance 250nm) over a ~3-hour time 
period. Light scattering, and hence tube assembly, increases markedly with temperature. Little assembly is 
evident at temperatures below 20 C.  
 

4.3.4.3 Increasing CA concentration increases efficiency of tube assembly 

We also investigated the effects of CA concentration (50-450 μM) on tube assembly (Figure 29), 

maintaining the NaCl concentration at 75 mM and temperature at 34 °C, where tube assembly is 

efficient (Figure 28). Using the turbidimetric assay, we found the rate and extent of tube 

assembly increasing non-linearly with protein concentration. Additionally, we observed that there 

appears to be a threshold concentration (150 -200 μM) below which tube assembly does not 

proceed at all. The existence of a critical protein concentration suggests that tube formation is a 

nucleated process, in accord with simple theories of helical polymerization 195,196, and prior 

experimental 113,177,184,197 and theoretical 198-200 studies of orthoretroviral CA assembly.  
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Figure 29: RSV CA tube assembly is strongly concentration dependent. 
Figure shows change in absorbance at 250 nm (∆ Abosorbance 250nm) versus time (in minutes) when RSV CA is 
assembled at different concentrations. Temperature was fixed at near-physiological value (34 C). Capsid 
hexamer tubes form more readily and rapidly at higher CA concentrations. Tube formation is completely 
abolished below a critical concentration of 150-200 M. 
 

4.3.4.4 Decreasing ionic strength increases efficiency of tube assembly 

In the initial dialysis experiments more tubes were observed by TEM when the salt 

concentration was sub-physiological (25 mM NaCl). We quantitatively verified this effect using 

the turbidimetric assay. RSV CA at 350 M was incubated at 34 °C, in the presence of sub-

physiological (75mM) or physiological (150 mM) NaCl concentrations. The rate of assembly 

changes markedly with the salt concentration suggesting that electrostatic interactions are central 

to tube formation (Figure 30). The effect of supra-physiological salt concentrations (> 150 mM 

NaCl) could not be meaningfully assessed using the light scattering assay, as tubes cease to be the 

exclusive assembly product under these conditions (Figure 27.E and F). Collectively, the EM and 

light scattering results highlight the critical importance of charge screening effects in regulating 

RSV CA assembly, something that was previously inferred from the ability of polyatomic anions 

like phosphate to promote in vitro assembly 129,177. 
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Figure 30 In vitro polymerization of RSV CA tubes is more efficient at sub-physiological salt 
concentrations 
Change in absorbance at 250 nm (∆ Absorbance 250nm) versus time when RSV CA is assembled in the presence of 
75 or 150 mM NaCl. Temperature was fixed at a near-physiological value (34 C). 
 

4.3.4.5 Tube assembly is a partially reversible process  

Lastly, because core disassembly is a crucial step in the replication cycle of retroviruses (reviewed 

in 9,201), we also used the light scattering assay to explore the reversibility of the CA assembly 

process. Towards this end, an RSV CA (300 M) solution was incubated for ~2.5 hours under 

near-physiological conditions (34 °C, 75mM NaCl, pH 7.0), that are supportive of tube 

formation. During this time the apparent absorbance steadily increased as expected (Figure 31). 

The temperature was then dropped to 13 °C, creating conditions that are not permissive for de 

novo tube assembly. Following the temperature drop, apparent absorbance decreased 

monotonically to an apparent plateau value, significantly greater than the initial value (Figure 31). 

Therefore, tube assembly is only partially reversible. The persistence of CA tubes under 

conditions that are not normally permissive for de novo tube assembly shows that their formation 

remains thermodynamically favorable at these temperatures, and is only arrested by the large 

Gibbs energy barrier associated with nucleation. Overall, however, tube assembly is less 

favorable at lower temperatures. This suggests that inside the cell, a capsid could be destabilized 
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by the withdrawal of factors that initially promoted its assembly, such as a decrease in the local 

concentration of CA associated with its release from the virion interior. 

 

 
Figure 31: Temperature drop triggers disassembly of RSV capsid tubes 
Figure shows change in absorbance at 250 nm (∆ Absorbance 250nm) versus time when RSV CA is incubated in 
the presence of a crowding agent for ~2.5 hours at 34 C, and then for another ~2.5 hours after dropping the 
temperature to 13 C. 

 

4.4 Effects of charged surface residues on RSV CA assembly 

The sensitivity of RSV CA assembly to the neutral salt concentration suggests that electrostatic 

interactions have a significant role in the assembly process (Figure 27 and Figure 30). Indeed, 

electrostatic interactions are thought to play essential roles in the oligomerization of protein 

subunits 202-205, and are unique among the physical forces driving protein association, in being 

relatively long range. Such interactions are known to be modulated by the inclusion of mobile 

ions in the solvent. 

To further investigate the effect of electrostatic effects on assembly, the charge on the 

surface of the CA NTD was manipulated by introducing charge-neutralizing point mutations. 

Three mutants were created (K17A/R21A, R86A/R89A and R97A/R100A), each with a pair of 

mutations eliminating a total of +2 elementary charges. One of these proteins (K17A/R21A) 
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carries mutations in the first helix of CA, which locates within the CANTD-CANTD interface (the 

hexamerization/pentamerization interface). The remaining two proteins (R86A/R89A and 

R97A/R100A) carry mutations at the end of the 4th helix of CA, and in the flexible surface loop 

(FL) that follows. This loop - the structural analog of the Cyclophilin A (CypA) binding loop of 

HIV-1 CA - is located on the external face of the hexameric and pentameric rings that form the 

capsid, distal from the interfaces involved in forming the body of the ring (Figure 32). As a 

consequence, this region of CA is not in direct contact with other molecules in the assembled 

state. The mutations were introduced into the wild type RSV CA expression construct, resulting 

in expression of RSV CA variants fused to a modified Mycobacterium xenopi GyrA intein, as 

detailed in Section 2.3.2.1. Constructs were expressed and purified in an identical fashion to RSV 

CA, and they all eluted at an identical retention volume from Superdex 200 resin. Purified 

mutants were tested for their ability to assemble in vitro using four different triggers. Assembly 

competence was assessed by combination of electron microscopy and turbidimetric assay.  
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Figure 32: The location of the charge neutralizing mutations introduced into RSV CA. 
Two neighboring RSV CA hexamers from a planar array (PDB ID: 3TIR) are shown in molecular surface 
representation, viewed from both the top and the side. Surface coloration indicates the location of mutations 
K17A/R21A (red), R86A/R89A (yellow) and R97A/R100A (green). 

 

4.4.1 RSV capsid charge-neutralization mutants are assembly-incompetent 

under near-physiological conditions  

The mutant and wild-type proteins (600 μM) were dialyzed at 4 or 37 °C against pH 7 buffers 

containing 25-150 mM NaCl. After overnight incubation, samples were negatively stained and 

examined by TEM. If the mutations had no effect on assembly, CLPs or tubes would be 

expected to assemble at 4 C or 37 C, respectively, based on the observations for wild-type CA 

(Figure 27.A, B and D). In all experimental replicates, wt CA was included as a positive control. 

After overnight incubation at 4 C, wild-type CA CLPs were readily visualized by electron 

microscopy, while hardly any organized assembly products were observed for all mutants. At 37 

93 Å

50 Å
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C, wt CA tubes were abundant, as expected, whereas only occasional tubes were observed for 

mutants, with a slight increase in number at lower ionic strengths. No other assembly products 

were apparent. In addition, we made DLS measurements on the supernatant after assembly to 

confirm the inferences from TEM. Only a single species with a hydrodynamic radius (RH) of ~3 

nm was detected by DLS, which corresponds to the expected size of monomeric CA. These 

DLS measurements were made while maintaining the samples at the temperature of the assembly 

experiments (i.e. 4 C or 37 C). These results indicate that these mutants are basically 

incompetent for assembly under these conditions, implying that electrostatic interactions play a 

cardinal role in RSV capsid assembly. 

This conclusion was reinforced by testing mutants K17A/R21A and R97A/R100A using 

the turbidimetric assay at 34 C and results show that tube assembly is severely or completely 

abrogated, when compared with the wild-type protein (Figure 33). Mutant K17A/R21A has the 

mutation in a critical hexamerization interface, and therefore, the abrogated assembly phenotype 

is not necessarily due to charge neutralization, however, the other two mutants (R86A/R89A 

and R97A/R100A) carry mutations in regions that are not involved in intermolecular contact 

formation (Figure 32). Altogether, these results further confirm our TEM observations 

quantitatively and show that electrostatic interactions are fundamental for assembly of RSV 

capsid tubes and CLPs.  
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Figure 33: RSV CA charge neutralization mutants are assembly incompetent at near-physiological ionic 
strength and temperature. 
Change in absorbance at 250 nm (∆ Absorbance 250nm) versus time when RSV wt capsid and mutants 
(K17A/R21A and R97A/R100A) are assembled using the turbidimetric assay. As with wt CA, the final reactions 
contained 300 M of purified CA and 10 % Ficoll 400 as a crowding agent. 
 

4.4.2 RSV capsid charge-neutralization mutants retain their wt-like assembly 

efficiency under non-physiological assembly conditions. 

We further assessed the assembly of the charge-neutralization mutants using two additional 

assembly methods: assembly by acidification 150, and assembly by incubating RSV CA in high-

salt (800-1500 mM NaCl) at physiological temperature and neutral pH (Figure 27.E and F). 

In the acidification method 150, RSV CA (300 µM) is incubated in low-pH buffer (pH 

5.0) at 18 C. After one hour of incubation, samples were negatively stained and examined using 

TEM. Upon acidification, sheets, CLPs and icosahedral particles are evident by EM examination 

of the mutants (Figure 34), similar to the behavior of wild-type CA 150. We found that samples 

are best visualized by TEM when diluted 10 fold. The same mixture of assembly products is 

observed with both wt CA and the charge-neutralization mutants, implying that the hexamer-

pentamer balance is not fundamentally altered by the mutations, at least when using the low pH 

assembly method. In addition to TEM observations, we also subjected the samples to a high 

speed spin, which is known to pellet the sheets and CLPs 113 leaving just the icosahedral 
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particles in solution. Static laser light scattering measurements on the sample supernatant after 

the high speed spin, showed that the scattered intensity was equivalent, within experimental 

error, for both the mutants and wild-type CA. They also exhibited similar absorbance at 280 nm. 

This suggests that icosahedra are produced with equal efficiency by both mutants and wt CA.  

 

 
Figure 34: RSV CA charge-neutralization mutants are assembly-competent using the acidification method. 
Representative electron micrographs of assembly products resulting from incubation of RSV CA charge-
neutralization mutants in low-pH buffer. Images show icosahedra (B), sheets (B), or a mixture of assembly products 
(icosahedra + sheets + core-like particles; C). Images were taken from assembly of mutant R97A/R100A. Very 
similar results were obtained for the other two charge neutralization mutants. Samples were examined by negative-
stain TEM. 

 

When dialyzed at 37 °C against pH 7 buffers containing very high salt concentrations (800 and 

1500 mM NaCl), the mutants again assemble in similar fashion to wt CA (Figure 35). All three 

mutants assembled into CLPs (Figure 35.A), or a mixture of CLPs and tubular assemblies 

(Figure 35.B), when salt concentration is 1500 or 800 mM, respectively. This is the same 

behavior observed for wt CA (Figure 27.E and F).  
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Figure 35: RSV capsid mutants assemble efficiently upon incubation in high-salt buffer at near 
physiological-temperature. 
Representative electron micrographs of assembly products resulting from incubating RSV capsid mutants in high-
salt buffer at high-temperature. At 37 C, RSV capsid mutants assemble into (A) core-like particles at 1500 mM 
NaCl (images of R86A/R89A mutant), or (B) a mixture of both core-like particles and tubular assemblies at 800 
mM NaCl (images of R97A/R100A mutant). Very similar assemblies were observed for each of the three charge 
neutralization mutants studied. Samples were examined by negative-stain TEM. 
 

In summary, the charge neutralizing mutations seem to affect assembly efficiency under near-

physiological conditions, while mutants retain the capacity to assemble under non-physiological 

conditions. Hence the impaired assembly of the mutants under physiological conditions is not 

the consequence of a major structural disruption. 

 

4.5 Analysis of HIV capsid charge-neutralization mutant suggests 

electrostatic effects are of general importance in 

orthoretroviral assembly  

HIV-1 CA is known to assemble readily at very high ionic strength 45,59,137,178-182,184-187. There 

are no literature reports of HIV CA assembly at limiting salt concentration. Therefore, we 

A 
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performed some preliminary investigations, to see if the observations made on RSV CA are 

generalizable to HIV CA. To facilitate this study, an expression vector was designed to produce 

wt HIV-1 CA with a C-terminal cleavable intein tag (Section 2.3.2.2) i.e. similar to the RSV CA 

expression vectors used in this study, facilitating use of the same purification protocol (Section 

4.2 and Figure 37). From this, a plasmid expressing the HIV CA triple mutant 

R82A/R97A/R100A, was derived. The charge neutralizing mutations R82A/R97A/R100A are 

positioned in the cyclophilin A binding loop of HIV-1 CA (Figure 36), in a position analogous to 

the RSV CA charge-neutralization mutants R86A/R89A and R97A/R100A. For control 

purposes, we verified that wt HIV CA was assembly competent using the previously published 

high salt buffer conditions (data not shown). 

 

 
Figure 36: The location of the charge neutralizing mutations introduced into HIV CA. 
(A) Tertiary structure of the mature, processed HIV CA protein. The cyclophilin-binding loop is indicated. Similar 
to RSV CA, the last ~10 residues of HIV CA are disordered (dashed line). Reprinted from Ganser-Pornillos et al. 206, 
Copyright (2008), with permission from Elsevier. (B) An HIV CA hexamer from a planar array (PDB ID: 4XRO) is 
shown in molecular surface representation, viewed from both the top and the side. Surface coloration indicates the 
location of mutations R82A/R97A/R100A highlighted in red. 
 
 
Purified HIV CA, or the R82A/R97A/R100A mutant, at a concentration of 600 µM was then 

dialyzed against a low salt buffer (containing 25 mM NaCl) at 4° C. After ~24 hours, samples 

were examined by negative-stain TEM to check for assembly. In the case of wt HIV CA, no 
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organized assembly products were observed. Hence a shift to very low ionic strength conditions 

does NOT promote assembly of HIV wt CA at 4° C as it does for RSV wt CA. 

 

 
Figure 37: Size exclusion chromatography of HIV CA on Superdex 200 resin. 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the approximate expected size for 
HIV CA (26 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa). Only pure 
fractions were pooled for subsequent analysis. 
 

However, in contrast to wt CA, HIV CA mutant R82A/R97A/R100A assembled into tubes and 

sheets under these conditions (Figure 38). These observations were replicated using two separate 

protein preparations. This switch in behavior, caused by the introduction of charge-neutralizing 

mutations in surface loops that do not make direct contact in the assembling capsid, suggests 

that electrostatics play a general and important role in ortho-retroviral capsid assembly. 
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Figure 38: Electrostatic interactions are important in HIV CA assembly.  
Sheets and tubes assembled by HIV CA mutant (R82A/R97A/R100A) when dialyzed at 4 °C into low-ionic-
strength buffer (25 mM NaCl), at neutral pH. No organized assembly products were detected with HIV wt CA. 
Samples were examined by negative-stain TEM. 
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4.6 Discussion 

Viral capsid assembly is a polymerization process during which numerous copies of the capsid 

protein associate to form the protein shell of a virus. The physical and chemical forces that 

govern assembly are modulated by the environmental conditions in which the protein subunits 

exist. For example, temperature may modulate hydrophobic interactions, while salt will influence 

the electrostatic forces experienced by the protein subunits. This study has highlighted the 

effects of temperature and ionic composition on RSV CA assembly. Our results revealed that the 

efficiency of RSV CA assembly increases significantly with temperature. In addition, the rate and 

outcome of the assembly process are strongly modulated by the neutral salt concentration, or by 

charges carried on the protein surface. The data also show that RSV CA assembly is a nucleated 

event, similar to many other protein polymerization processes. 

 

4.6.1 Role of temperature in RSV capsid assembly 

We have shown that incubation of RSV CA at near physiological temperature is sufficient to 

promote assembly into tubes (Figure 27.B). Those tubes are multilayered (Figure 27.C) and are 

composed of CA hexamers, the major building block of the ortho-retroviral capsid 44. The in 

vitro assembly of RSV CA is also known to be promoted by both mild acidification 113,134,150 and 

the introduction of polyatomic anions like phosphate 177. However, in neither case are RSV CA 

hexamer tubes the exclusive assembly product. The RSV CA tubes formed at physiological 

temperatures are therefore structurally analogous to the HIV CA hexamer tubes which are 

readily assembled at ambient temperature and supra-physiological salt concentrations 

45,59,137,178-187. In an early and comprehensive study of HIV CA assembly, Gross et al. (1997) 

noted no strong temperature-dependence, with tubes assembling efficiently at all studied 

temperatures (4-37 °C) 179. Barklis and co-workers reported that brief incubation of HIV CA for 

few minutes at elevated temperature accelerated tube formation at lower temperature, which they 

hypothesized was due to the creation of nucleating species 184. However, extended incubations 

at elevated temperature resulted in a contrasting effect, and reduced HIV CA tube numbers 184. 

At present, the strong temperature dependence of tube assembly seems to be unique to RSV. 

Because RSV CA tube assembly is a nucleated process (Figure 29 and Figure 31), and the critical 

protein concentration required for assembly is relatively high, this phenomenon has been 

overlooked in previous studies, many of which were carried out at ambient temperature and 

below. Based on estimates of virion mass and volume 54,207, the concentration of CA within viral 

particles would be higher than 4 mM, in excess of the critical concentrations required for 
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nucleation in the experiments detailed in this chapter. Hence the temperature-dependent 

assembly of RSV CA appears of direct biological relevance. 

 

4.6.2 RSV CA assembly as a nucleated process 

 

4.6.2.1 RSV CA is poised to assemble 

Simulations and experiments show that in vitro assembly of virus capsids is a nucleated process 

208. The extreme concentration dependence of RSV CA assembly is typical of nucleated protein 

polymerization. Although RSV CA is essentially monomeric in physiological buffers at ambient 

temperature or below 113,134, its assembly is thermodynamically favored under these conditions 

and is only held in check by the large energetic barrier associated with nucleation. We infer this 

from the equilibrium stability of RSV CA assembly products under such conditions, even when 

the original physical or chemical impetus for assembly is removed (Section 4.3.4.5). For example, 

CA tubes generated at physiological temperature do not completely dissociate when the solution 

is shifted to low temperature, and exist in equilibrium with unassembled protein (Figure 31). 

These conditions do not support de novo tube assembly in the same buffer (Figure 28). Analogous 

observations were made for icosahedral RSV CLPs that assemble readily at mildly acidic pH. 

These CLPs can be dialyzed into a neutral pH buffer without complete dissociation - conditions 

that are once again not permissive for de novo particle assembly of RSV CA 113. As a corollary, if 

suitable nucleating species are introduced into monomeric RSV CA solutions, assembly is 

immediately initiated 113,177. 

 

4.6.2.2 The nature of RSV CA nucleating species 

One of the essential aspects of the environmental perturbations (acidification, introduction of 

polyatomic anions, and elevated temperature) known to promote RSV CA assembly is the 

lowering of the nucleation barrier. Identifying and characterizing nucleating species along the 

assembly pathway is a challenging problem. In the case of RSV, only for acidification is there 

detailed insight into the nature of the nucleating species. Earlier investigations have shown that 

acidification-induced polymerization of RSV CA is nucleation-dependent, with CA dimers 

probably acting as the nucleating species 150,177. Acidification enables protonation of a specific 

aspartic acid side chain (D191) on the surface of the CTD thus promoting CA dimerization 150. 

A CTD thiol-cross-linked CA dimer was engineered by Bailey et al (2009) resulting in a super-

assembling phenotype which assembles efficiently at neutral pH 150.  
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At present, the nature of the nucleating species being generated as the temperature is 

raised is unknown. The linkage with temperature suggests that hydrophobic interactions might 

be involved (reviewed in 209). Kingston et al. (2000) looked at surface properties of the C-

terminal domain of four retroviral CAs, namely RSV, HIV-1, EIAV and HTLV-1 134. The 

analysis revealed that the RSV CA CTD contains the most extensive hydrophobic surface patch, 

on a face of the domain not directly involved in dimerization. It is possible this surface feature is 

associated with observed temperature dependence, though that hypothesis has not been 

experimentally tested.  

 

4.6.2.3 Evidence for nucleated capsid assembly in other retroviruses 

The experimental evidence is sparse, but existing data generally suggest that CA assembly is a 

nucleated process for other retroviruses. Recent solution NMR studies of EIAV CA 139 have 

suggested that the CA conformation realized within the hexameric ring is not significantly 

populated in solution, while studies on HIV CA have shown that the relative positioning of 

NTD and CTD is influenced by dimerization 210. Hence conformational shifting or selection 

could be a key step in the nucleation process 139. Based on the observed distribution of tube 

lengths Barklis and colleagues (2009) suggested that in vitro assembly of HIV CA hexamer tubes 

is a nucleated process 184. 

 

4.6.3 Role of electrostatics in RSV capsid assembly 

Our findings showed that RSV CA assembly is strongly sensitive to electrostatic forces which 

can be manipulated by inclusion of mobile charge carriers in the solvent, as well as mutation of 

charged residues on the surface of CA that are not in direct contact with other molecules in the 

assembled state. For ordinary “non-assembling” proteins the effects of salt on protein solubility 

are rather complex, and no complete physical theory exists to explain them. At low salt 

concentrations (the “salting in” regime) salts increase protein solubility, while at higher 

concentrations (the “salting out” regime) they act to decrease protein solubility (see e.g. 211). 

Therefore, the complexity of the behavior we are seeing for an assembling protein, such as RSV 

CA, is not particularly surprising. 

The strong influence of charge-charge interactions on RSV CA assembly is mostly 

evident at elevated temperature. The rate and outcome of assembly are sensitive to the effect of 

ionic strength. When the neutral salt concentration is sub-physiological, tube assembly is 

accelerated (Figure 30). In contrast, when the neutral salt concentration is supra-physiological, 

tubes cease to be the sole assembly product, and CLPs ultimately predominate at high salt 
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concentrations (Figure 27). The latter observation implies that the balance between hexamers 

and pentamers - the two architectural building blocks of the capsid - is sensitive to the ionic 

environment in which assembly takes place. 

The abrogated assembly of RSV CA charge-neutralizing mutants also supports the 

critical role of electrostatic interaction in capsid assembly. Three RSV CA mutants were created 

with mutations both proximal (K17A/R21A) and distal (R86A/R89A and R97A/R100A) to the 

inter-molecular interfaces that form the hexamer array (Figure 32). These three charge-

neutralization mutations abrogated in vitro capsid assembly at near-physiological temperature and 

salt concentration (Figure 33). On the other hand, the mutants behaved like wt CA when 

alternative methods of assembly were employed (mild acidification, or supra-physiological salt 

concentrations; Figure 34). 

The observed finely-balanced effects of electrostatics on RSV capsid assembly is 

consistent with prior observations for RSV and other retroviruses. In an earlier study, 

electrostatic repulsion was hypothesized to favor RSV CA hexamerization over pentamerization, 

due to the existence of positively charged residues at the NTD-NTD interface. In CA pentamers 

those residues come in closer proximity than they do in CA hexamers 129. Cardone and 

colleagues (2009) also hypothesized that these electrostatic repulsions are screened by phosphate 

anions used in their in vitro assembly system, thus permitting formation of capsid pentamers, 

which predominate under their conditions. Without screening pentamer formation is disfavored 

due to electrostatic repulsion by neighboring positively charged residues. Heyrana et al (2016) 

looked at the effect of mutations within the FL region on particle release and infectivity in the 

context of whole virus and they found that charge-reversal mutations resulted in completely 

noninfectious viruses 212. Conservative substitutions that preserved the amino acid charge led to 

the production of viruses that retained considerable infectivity and were more infectious than 

their corresponding charge-neutralizing substitutions. The in vitro CA assembly of one of these 

charge-conserving mutants was explored and no effect was observed, further suggesting that 

maintaining charge is important 212. Based on molecular simulations, they suggested that charged 

residues within FL were critical for correct assembly of the immature virus. However, our results 

suggest that their observed effect on infectivity could also be due to reduction in the stability of 

the mature capsid, since charge-reduction mutants abrogated in vitro CA assembly (Figure 33). In 

MLV, similarly positioned D83 and R85 residues occur in the capsid protein of the murine 

leukemia virus (MLV), and an X-ray crystal structure for an MLV CA hexameric lattice showed 

that these make salt bridge interactions around a 3-fold interhexameric interface 51. It is possible 

that charged residues within RSV FL region are playing a similar role to those in MLV, with a 
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non-specific long range interaction in RSV substituted for a specific short range interaction in 

MLV. HIV CA assembly is similarly affected by charge-charge interactions, as discussed further 

in Section 4.6.4). 

 

4.6.3.1 Examples of proteins that assemble at low ionic strength 

Although the effect of ionic strength on the speed and outcome of the assembly process is 

mostly evident at physiological temperatures, transfer of RSV CA into minimal salt buffers at 4 

°C also results in assembly of RSV CA into CLPs (Figure 27.A). While many proteins are known 

to assemble at supraphysiological salt concentrations, fewer proteins have been shown to 

assemble in minimal ionic strength buffers (Table 26), and it is worthwhile to review some 

specific cases. A first example is the assembly of Bacteriophage P22 procapsids. A study by 

Parker and Prevelige (1998) showed that a buffer with minimal salt present (25 mM NaCl, pH 

7.6) allowed scaffolding and coat protein to assemble into Bacteriophage P22 procapsids, while 

high salt concentrations (1 M NaCl) inhibited assembly 213. Other experimental evidence 

suggests that low ionic strength (<100 mM) favors formation of nucleating species of P22 

procapsid, as shown using agarose electrophoresis, electron microscopy and sedimentation 

velocity analytical ultracentrifugation 214. A second example is the assembly of TRIM5-21R, a 

retroviral restricting TRIM5-α protein. TRIM5-21R assembles into its hexagonal lattice after 

incubation in a low-salt assembly buffer at 4 °C 215. A third example is amyloid fibril assembly – 

a protein polymerization phenomenon that occurs in several systemic and neurodegenerative 

diseases. The mode of lysozyme amyloid fibril formation changes according to neutral salt 

(NaCl) concentration in acidic assembly buffer (pH 2.0): salt concentrations below 150 mM 

induces a "monomeric" mode of amyloid fibril assembly, while higher concentrations induces an 

“oligomeric” mode of assembly 216. Hill and colleagues concluded that repulsive electrostatic 

interactions in low salt conditions support organized amyloid fibril assembly. A fourth example 

is the assembly of BMC (bacterial microcompartment) protein of Mycobacterium smegmatis into 

nanotubes when expressed in E. coli 217. Purified nanotubes were disassembled and then 

reassembled in vitro at “ice cold” temperature simply by diluting and then concentrating the BMC 

protein, named RmmH, in a buffer containing moderate salt concentration (50-100 mM NaCl). 

RmmH hexamers and nanotubes reassemble at protein concentrations from 4 mg/ml and above 

while higher salt concentrations led to nanotube disassembly. The final example is the self-

assembly of GTPase Dynamin which was first discovered by Hinshaw and Schmidt (1995). 

GTPase Dynamin forms rings and helical stacks in low-salt conditions (25 mM NaCl) without 
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the need for GTP 218. In high salt (300 mM NaCl) buffer, only one sixth or less of dynamin 

population self-assembled.  

Although associated with diverse biological functions, these assembly processes are all 

driven by fundamental protein-protein interactions. The influence of salt concentration, and 

hence charge screening by the highly mobile solute ions, speaks to the fundamental importance 

of electrostatic interactions in guiding all of these processes.  
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Table 26: Proteins that assemble at minimum ionic strengths. EM images are taken from indicated references. 

Protein Assembly buffer 

Assembly 

Temperatur

e 

EM image Comments/Notes Reference 

Bacteriophage P22 
scaffolding and coat 
protein 

50 mM Tris HCl 
25 mM NaCl 
2 mM EDTA 
pH 7.6 

 

20 °C -Salt at 100 mM and lower promotes formation of 
nucleating species 
-High ionic strength inhibits Assembly (1M NaCl) 
-EM image was reprinted from Parker et al. 219, 
Copyright (1998), with permission from Elsevier. 

-213 
-214 
-219 

TRIM5-21R 20 mM Tris 
25 mM NaCl 
1 mM TCEP 
pH 8.0 
 

4 °C 

 

-long incubation time is required for build up of 
spontaneous assembly (3-5 days) which is 
shortened when laid over HIV CA 2D crystal 
-EM image is from Ganser-Pornillos et al. 215 (no 
permission is required for noncommercial and 
educational use of PNAS figures and tables). 
 

215 

Lysozyme 25 mM KH2PO4 
50 mM NaCl 
pH 2.0 

50 °C No EM image available 
(only ATF), see 
reference for details 

-modes of assembly changes according to ionic 
strength 

216 

RmmH 20 mM Tris 
50-100 mM NaCl 
pH 8.0 
 

“ice cold” 

 

-Concentrations higher than 100 mM NaCl favors 
disassembly 
-Image reprinted from Noël el al. 217, with 
permission from Wiley. Copyright © 2015 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. 

217 

GTPase Dynamin 20 mM HEPES 
2 mM MgCl2 
1mM EDTA 
14 mM DTT 
25 mM NaCl 
pH 7.2 

Not specified 

 

-A threshold of protein concentration 
-Image reprinted by permission from Springer 
Nature: Nature, Hinshaw et al. 218, copyright 1995. 

218 
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RSV CA 12.5 mM MOPS/KOH 
25 mM NaCl 
0.5 mM sodium azide 
0.25 mM TCEP-HCl 
pH 7.0 

4 °C 

 

-if the incubation temperature is 37°C, capsid 
assembles into tubes (instead of CLPs)  

This study 
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4.6.4 Role of electrostatics in HIV capsid assembly 

A peripheral finding of this study is that wt HIV CA, unlike RSV CA, does not assemble at low 

ionic strength whereas a charge-neutralized mutant showed enhanced in vitro assembly under the 

same conditions (Figure 38). The 3 mutations result in the loss of three elementary positive 

charges, and are overlapping with the CypA binding loop. This large predominantly hydrophobic 

loop is postulated to inhibit HIV CA assembly by promoting off-pathway CA aggregation, a 

phenomenon that is suppressed in vivo by binding of CypA 45,180. 

It is conceivable that the introduction of arginine to alanine residues in the CypA binding 

loop could modulate the conformational dynamics of the loop, repressing non-specific CA 

aggregation, and leading to enhanced CA assembly. However, it seems more likely that the 

alteration to HIV CA assembly properties is electrostatic in origin. Previous studies have 

indicated the important role of electrostatic interactions in HIV CA assembly. For example, a 

conserved Arginine residue (R18) is located in the annulus at the center of both hexameric and 

pentameric CA rings. It is hypothesized that electrostatic repulsion favors hexamer formation 

over pentamer formation because Arg18 residues are more distant to each other in the hexamer 

61. Substitution of Arg18 with uncharged residues results in in vitro formation of structures that 

incorporate HIV CA pentamers, while wt CA assembles only into tubes built from CA hexamers 

56,182. Prevelige and coworkers 189 examined the effects of surface charge on HIV CA assembly, 

focusing on residues within the 2nd and 7th helices of CA, which are located on the external face 

of the pentameric and hexameric rings, away from the interfaces involved in ring formation. 

Charge-neutralizing and charge reversing mutations in this region perturbed the assembly 

kinetics of in vitro HIV CA tube assembly. Brun et al (2010) attempted to model phosphorylation 

of S109, S178 and S149 in HIV CA by substituting S for D 220. S109D abrogated in vitro CA 

assembly, while the other two mutations had limited or no effect. Since S109 is near the CypA-

binding loop in HIV CA, this appears consistent with our results. A CypA-binding loop deletion 

mutant with residues 87 to 97 of HIV CA replaced with two glycine residues (i.e. among deleted 

residues only one charged residue was deleted; Arg97), exhibits enhanced in vitro CA tube 

formation 182. In addition, two more charge reduction mutants (gain of one elementary negative 

charge in each case) within the CypA binding loop region, G94D and A92E, also enhance CA 

tube formation in vitro 45.  
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4.7 Conclusion 

Temperature and electrostatic effects play important roles in modulating RSV CA assembly. A 

marked effect of temperature on CA assembly has not been observed for other retroviruses. 

Charge-neutralizing mutations on both RSV and HIV affect their in vitro assembly, though in an 

opposing manner: wt RSV CA assembles more efficiently than the charge neutralized mutants, 

whereas for HIV CA the reverse is true. Explaining this observation will require detailed physical 

modelling. However, it is already clear that the variable electrostatic forces experienced by the 

sequence-diverse retroviral capsid proteins are likely to account for many of the observed 

differences in the pathway of capsid assembly, and the stability of the assembled capsid.  

The findings presented in this chapter make it clear that retroviral capsid assembly is a 

delicately balanced process, and that CA proteins from different retroviruses respond differently 

to changes in the physico-chemical environment. 

 

4.8 Future Work 

 

These investigations have raised many new questions. Among the most important to be 

addressed are the following: 

1. Can the effects of perturbing surface charge of CA, and altering the ionic composition 

of the solvent be modelled, at least semi-quantitatively? This might be approached, for 

example, by performing continuum electrostatics calculations (reviewed in 221). 

Predictions of the modelling could be tested using the in vitro assembly systems 

developed here.  

2. Do the charge-neutralizing mutations have any significant effect on the dynamics of the 

CypA-binding loop / flexible loop (FL) in RSV and HIV CA? 

3. Related to point 1, are the observed effects of mutation in this region solely due to 

electrostatics? Solution NMR spectroscopy could be used to understand the effects of 

mutation on loop structure and dynamics.  

4. Can a better assay be developed for following tube formation? A limitation of the 

current turbidimetric assay is that the scattered light intensity is only proportional to 

mass of protein polymerized when the tubes are long. Therefore, it would be useful to 

develop an assay capable of directly reporting on the extent of tube assembly during all 

phases of the reaction. Calorimetric approaches, where the heat consumed or released 
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is measured, would provide one such avenue. In addition, the presence of Tryptophan 

residues in the CTD assembly interface may allow CA assembly to be monitored using 

intrinsic Tryptophan fluorescence.  

5. Can the reversibility of RSV CA tube formation be exploited to understand the 

energetics of capsid assembly? Tube formation is a reversible process (Figure 31) – this 

could be further explored by repeating the temperature cycling multiple times and 

monitoring the effect on polymerization efficiency with each cycle. Related to point 3 

above – if such experiments were performed in a calorimeter, it might be possible to 

measure the heats associated with tube formation and disassembly, giving direct insight 

into the energetics of tube formation. 
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Chapter 5: Structural analysis of human Gag 

homologs 

5  

5.1 Overview 

Retroviruses and LTR retrotransposons are ancient replicative nucleoprotein elements that are 

evolutionarily related (Section 1.2). During their replication cycle, they integrate their genetic 

material into host chromosomes. The human genome contains many Gag homologs that seem 

to have been derived from retroviruses or LTR retrotransposons anciently integrated into 

germline cells. These genetic elements and their products have been neo-functionalized by the 

host and now they play critical roles in diverse cellular processes such as cognition, cell 

proliferation, apoptosis and embryonic development (reviewed in 87). Abnormalities in the 

production of these proteins are linked to a wide range of disorders such as autism spectrum 

disorders, cancers and embryonic malformations (Section 5.1.2). The objective of this part of my 

doctoral research was to investigate the similarity of these “Gag-like” proteins to their retroviral 

counterparts to provide some insight into the coevolution of viruses and their hosts. This work 

might also advance understanding of the functions of both Gag homologs and their retroviral 

counterparts. Four Gag-like human proteins were selected for heterologous expression in 

bacteria. Following purification, soluble proteins were characterized using biophysical and 

biochemical methods. In particular, limited proteolytic digestion was used to identify structured 

domains within the purified proteins. Based on this analysis, a number of truncated variants were 

subcloned and further characterized. Crystals of one of these truncated variants were obtained, 

and X-ray diffraction data collected, though the structure has not yet been resolved. In totality, 

the Gag homologs that were investigated have remarkably retained some properties of the 

related retroviral Gag. One of these properties is the propensity for self-assembly – a typical 

feature of the retroviral Gag polyprotein, which is sometimes termed an “assembly machine” 222. 

 

5.1.1 The discovery of domesticated Gag homologs in the mammalian genome 

Retroviruses and LTR retrotransposons are phylogenetically related and share similar genome 

structures and replication cycles, except that exogenous retroviruses are infectious due to the 

presence of a functional envelope gene while strictly intracellular LTR retrotransposons lack 
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envelope proteins 223. In phylogenetic analysis based on the amino acid sequence of reverse 

transcriptase, the retroviruses with complete or partial envelope genes can be distinguished from 

the other LTR retrotransposons 224. Relatively recently, similarities between several human 

proteins and the Gag protein of the Gypsy/Ty3 group of LTR retrotransposons were noted 

225,226. In particular, these human proteins appeared most similar to the Gag protein of the Sushi 

LTR retrotransposons (227 and references therein). Genes related to mobile elements were often 

suppressed in automated genome annotations, under the assumption that they provide no 

selective advantage to the host 86. Therefore, a systematic genome-wide search for genes 

encoding Gag-like proteins in mammals was applied using dedicated sequence profiles for 

retroviral Gag (PSI-BLAST-based analysis) resulting in the identification of 85 domesticated 

Gag-like proteins in the human genome 72. In addition to identifying previously ignored Gag-like 

sequences, another motivation for this systematic search was that studying human cellular Gag-

like proteins might provide insight for functional aspects of viral Gags. The proteins identified 

by Campillos et al (2006) were classified into five distinct families, termed I–V, on the basis of 

their sequence similarity to Gag proteins from different retrotransposon families (Figure 39.a). A 

total of four Gag-like proteins from three of these families were selected for biophysical and 

structural investigation. The biological functions of the four selected proteins are detailed in 

Section 5.1.2. 

While the retroviral Gag protein has been extensively characterized (as discussed in 

Chapters 3 and 4 of this thesis), there is limited information on the biophysical and structural 

properties of Gag proteins from retrotransposons 228. However, the similarities between the 

domesticated Gag homologs and the distantly related retroviral Gag protein are apparent from 

sequence alignment (Figure 39.b and Figure 40). 
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Figure 39: Phylogenetic studies of the domesticated Gag-like proteins and their similarity to retroviral 
proteins. 
(A) Reverse-transcriptase-based phylogenetic relationship of retroelements from which Gag-like proteins were 
domesticated. Gag-like proteins are classified I-V based on the similarity to a Ty3/Gypsy retrotransposon subgroup. 
Bootstrap support (%) of the neighbor-joining tree for branches is shown. (B) A simple illustration of domain 
organization of a retrovirus (top) in comparison to representative domesticated Gag-like proteins containing similar 
retroviral domains. Abbreviations: CA, capsid; DU, dUTPase; Env, envelope; Int, integrase; MA, matrix; NC, 
nucleocapsid; Pol, polyprotein; Prot, aspartic protease; RT, reverse transcriptase; SU, surface; TM, transmembrane. 
Reprinted from Campillos et al. 72, Copyright (2006), with permission from Elsevier. 
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Figure 40: Alignments of the matrix, N-terminal and C-terminal capsid domains of representative Gag-like 
human proteins, retrotransposons and human and simian immunodeficiency viruses. 
The alignment is colored by Chroma 229. Chroma coloring: conserved prolines: white on grey; conserved glycines 
and alanines: green on grey; conserved leucines, isoleucines, phenylalanines, cysteines, valines and tyrosines: yellow 
on grey; conserved asparagines and glutamines: dark red on grey; conserved glutamic acids: light red on grey; 
conserved threonines and serines: light blue on grey; conserved aliphatic residues: grey on yellow; conserved 
hydrophobic residues: black on yellow; conserved small residues: dark green on white; conserved positively charged 
residues: blue on white; conserved polar residues: dark blue on white; conserved charged residues: pink on white; 
conserved aromatic residues: blue on yellow; conserved big residues: blue on light yellow; conserved negatively 
charged residues: red on white. The consensus sequence (conserved in 80 % of the sequences) shown below; h, p, s, 
l, b, c, a, + and - indicate hydrophobic, polar, small, aliphatic, big, charged, aromatic, positively charged and 
negatively charged residues, respectively. An “H” denotes for a residue that is part of an α-helix. Reprinted from 
Campillos et al. 72, Copyright (2006), with permission from Elsevier. 
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5.1.2 The selected Gag homologs and their biological function 

 

5.1.2.1 Activity-Regulated Cytoskeleton-associated protein (ARC) 

ARC is a central protein in neurobiology known for its master regulation of vertebrate synaptic 

plasticity, which is essential to the mechanisms of learning and memory 230. ARC is considered 

an immediate early gene (IEG) induced by various stimuli such as novelty, sensory experiences, 

learning and spatial exploration. The ARC gene is conserved across vertebrate species and a 

region at the C-terminus of ARC protein shares 20 % sequence identity with repeat 21 and 22 of 

chicken α-spectrin 230,231, a cytoskeletal protein involved in forming the actin cellular cortex.  

Abnormalities in the production of ARC protein have been causally associated with 

many neurological and cognitive conditions including amnesia 232, Angelman syndrome and 

schizophrenia 233, Alzheimer's disease, Autism spectrum disorders and Fragile X syndrome 

(reviewed in 234). Inhibitory control of ARC translation is disrupted in fragile X mental 

retardation syndrome, and unregulated expression of ARC contributes to certain types of 

depression with underlying glutamate-receptor etiology 235-237. In Angelman syndrome, reduced 

ubiquitination of ARC may result in an increase of ARC-dependent synaptic downregulation 238. 

Despite it being a heavily investigated protein, the retroviral-derivation of ARC was first 

discovered through a computational search for human genes with homology to retroviral Gag 

proteins 239. Although ARC was structurally uncharacterized when my thesis work commenced, 

its resemblance to the retroviral Gag protein was confirmed by an independent structural and 

functional study 240. The findings of this study, and its relationship to the work presented in this 

thesis are discussed in Section 5.18.7. 

 

5.1.2.2 Paternally Expressed Gene 10 (PEG10) 

PEG10 is an imprinted gene that belongs to the Mart gene family (Chapter 1: Table 1). Paternal 

genomic imprinting means that only the gene copy from the father is expressed while the copy 

from the mother is silenced by DNA methylation. PEG10 mRNA contains two open reading 

frames (ORFs) separated by a ribosomal -1 frame-shifting element, so that one mRNA 

essentially codes for two proteins, which is a non-canonical translational mechanism frequently 

used by retroelements 241. PEG10 ORF1 contains its Gag-like sequences.  

The mouse homolog of PEG10 is required for normal placental development and 

function 227. PEG10-knockout mice, in which expression from the paternal allele is abolished, 
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die at an early embryonic stage due to a malformed placenta. Moreover, clinical studies have 

reported aberrant PEG10 expression in the human placenta in multiple pregnancy complications 

such as spontaneous miscarriages, fetal death, intrauterine growth restriction and preeclampsia 

(reviewed in 242). 

Although PEG10 is predominantly expressed in the placenta, it is expressed in other 

tissues, which suggests additional functions for this gene, such as in cellular proliferation and 

adipocyte differentiation 243,244. PEG10 is also involved in liver regeneration after partial 

resection 245. PEG10 has also been described as a transcription factor regulating the expression 

of the myelin basic protein gene 246. In addition, like other Mart genes, aberrant expression of 

PEG10 has been observed in various malignancies and is thought to enhance resistance to 

apoptosis, a phenomenon especially noted in primary liver cancer (hepatocellular carcinoma; 

HCC) cell lines, and correlates with progression of cancer 247-249. The over-expression of 

PEG10 in cancers might itself promote cancer formation through inhibition of apoptosis and 

stimulation of proliferation (reviewed in 250). Indeed, the over-expression of PEG10 is 

considered as a potential biomarker for HCC 251,252.  

Among the sequence features of PEG10 is a retroviral-like zinc finger (Figure 41). Most 

retroviruses contain two zinc fingers with the consensus motif CX2CX4HX4C located within 

the NC protein (reviewed in 253). The C is cysteine, H is histidine, and X represents other amino 

acids, which vary among retroviruses. The motif is sometimes referred to as “CCHC” zinc finger 

motif and is flanked by positively charged amino acids in the retroviral NC protein, which is also 

observed in PEG10 (Figure 41). A predicted nuclear localization signal (NLS) in PEG10 is also 

found overlapping with the positively charged residues flanking the zinc finger 246. Nuclear 

localization of Gag commonly occurs in the life cycles of both retroviruses and retrotransposons 

254. A similarly located NLS is also found in retroviruses such as RSV. Among proteins with 

known NLS and DNA-binding regions, it has been found that these regions generally overlap 

255. 

 

 
Figure 41: PEG10 contains a zinc finger at its C terminus.  
The CCHC motif (CX2CX4HX4C) of the retroviral zinc finger is also present in PEG10. The cysteine and 
histidine residues (yellow) of the motif coordinate a zinc ion in retroviruses. The motif is flanked by basic 
amino acids (blue), similar to retroviruses. Numbers represent position of amino acids in human PEG10. 
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5.1.2.3 Paraneoplastic Ma antigen 1 (PNMA1) 

PNMA1 belongs to the Ma/Pnma Gag-derived genes (Chapter 1: Table 1). Little is known about 

the function of PNMA1 except that it may be involved in promoting apoptosis. PNMA1 is a 

neuron- and testis-specific protein that is also expressed in some paraneoplastic syndromes 

affecting the nervous system 256. Paraneoplastic neurological disorders (PNDs) are rare 

syndromes associated with an underlying neoplasm/cancer, for example breast, lung, colon, or 

testicular cancer. Under physiological circumstances, these proteins (onco-neuronal proteins) are 

expressed in immune privileged sites. Ectopic expression of PNMA1 in systemic tumors may be 

one factor that triggers an autoimmune response, eventually leading to the paraneoplastic 

neurological syndrome 257,258. The syndrome is associated with degenerative neurological 

conditions such as paraneoplastic limbic and brain-stem encephalitis 259,260, seizure, depression, 

dementia and memory deficit 226,261,262. The autoimmune response associated with PNDs 

includes production of serum antineuronal antibodies, leading to progressive neurological 

damage. Identification of the antineuronal antibodies in the sera of these patients has facilitated 

the diagnosis of paraneoplastic neurological disorders and the early detection of the associated 

tumors. For these reasons, PNMA1 is seen as a tumor and neurological protein (onconeuronal 

antigen). 

 

5.1.2.4 Modulator of Apoptosis 1 (MAP1) 

MAP1 (also called PNMA4) is another member of the Ma/Pnma gene family. It is a ubiquitously 

expressed tumor suppressor protein involved in mediating apoptosis. Higher levels of MAP1 

expression are found in the heart and brain. MAP1 is a short-lived protein that is constitutively 

degraded by the ubiquitin-proteasome system pathway 263-265. As a response to apoptotic 

stimuli, TRIM39, a ubiquitin E3 ligase, significantly extends the half-life of MAP1 by inhibiting 

its poly-ubiquitination 263-265.  

Caspase-dependent apoptosis is mediated by the serial activation of caspase family 

proteins (reviewed in 266). These proteases are often activated upon the release of 

cytochrome c from the mitochondria. Irreparable DNA damage stimulates apoptosis, by 

activation of the p53 protein, which in turn activates the proapoptotic Bcl-2 family protein, Bax. 

MAP1, which is enriched at the outer mitochondrial membrane, binds to Bax and enhances Bax 

function in oligomerizing and forming pores in the mitochondrial membrane. This modification 



 

 

122 

to the mitochondrial membrane by Bax leads to mitochondrial outer membrane permeabilization 

(MOPM), resulting in the mitochondrial release of cytochrome c. The release of cytochrome c 

activates caspases and ultimately leads to cell death 267-269. 

MAP1-mediated apoptosis can also be induced in cancer cell lines as shown in over 

expression studies. MAP-1 knockdown cells are characterized with resistance to multiple 

apoptotic stimuli, higher growth rate and increased tumorigenesis when xenografted into nude 

mice 269. 

MAP1 (PNMA4) and PNMA1 have high sequence identity (~50 %) and overlapping 

tissue expression profiles, particularly brain and testis. In addition, over-expressed PNMA1 can 

also promote apoptosis. Nevertheless, sera from paraneoplastic patients showed antibody 

reactivity toward recombinant PNMA1-3, but not MAP1, suggesting differences in physiological 

function 261,268. 

 

5.2 Bioinformatics analysis of the selected Gag-homologs 

 

5.2.1 Secondary structure prediction 

We carried out in silico secondary structure prediction on the four selected Gag homologs (ARC, 

MAP1, PEG10 and PNMA1). Protein sequences were submitted to Jpred4 server 270 to predict 

the propensity of each of these proteins to form α-helices and β-strands. Sequences were also 

submitted to the PSIPRED 271,272 and RaptorX 273 servers. Overall, results from different 

servers were similar and consistent with the presence of MA-like, CA-NTD-like and CA-CTD-

like domains within these proteins (Figure 42). The majority of the predicted secondary 

structures are α-helices. Occasional β-strands were predicted but only in the MA-like region. The 

NTD and CTD of orthoretroviral CA are almost exclusively α-helical 52,134,135,141,274,275, 

consistent with the predictions. The secondary structure predictions for the Gag homologs are 

relatively consistent across the CA like regions, except for the first ~30 residues where 

considerable variation is observed. On the other hand, orthoretroviral MA is also exclusively α-

helical 276-283, which does not align with the predictions. Correspondingly, the secondary 

structure predictions are also quite disparate within the MA-like region, differing in the location, 

number and the lengths of α-helices and β-strands. 

Although the sequence alignment is convincing, the CA-like region in the Gag homologs 

is actually substantially smaller than HIV CA. The discrepancy arises because the CA-NTD 
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alignment ends with residue 251 of HIV Gag, and the CA-CTD alignment starts with residue 

286. Hence ~35 amino acids internal to HIV CA are not included in the alignment. The 

“missing” region forms the interdomain linker in retroviral CA, incorporating both α- and 310-

helices. This suggests that these two putative domains could be connected in a quite differing 

way in the Gag-like proteins. The functional implications of this difference are unexplored. 

Detailed structural characterization of Gag homologs is required to understand these differences. 

This is the objective of this study. 

 

 

 
Figure 42: Secondary structure prediction of the selected human Gag homologs. 
In this figure, the alignment of the amino acid sequences of only the four selected Gag homologs, in addition to 
HIV Gag and a SCAN domain, is maintained as displayed in Figure 40, while the sequences of other proteins were 
removed from the figure. Below the sequence of each of the four selected Gag homologs is the α-helices (black 
horizontal bars) or β-sheets (grey horizontal bars) predicted by the Jpred server. For comparison purposes, 
secondary structure elements from published X-ray structures are displayed below the sequence of HIV MA (PDB 
accession number 1L6N), HIV CA (PDB accession number 1E6J). The numbers represent the amino acid number 
at the start and end of each sequence based on the UniprotKB Numbers (Q7LC44 for ARC, Q96BY2 for MAP1, 
Q86TG7-2 for PEG10, Q8ND90 for PNMA1 and P04591 for HIV-1 Gag. 
 

 

MATRIX DOMAIN ALIGNMENT  
 
ARC        17  PRGGQVAKPNVI-LQIGKCRAEMLEHVRRTHRHLLAEVSKQVERELKGLHRSVGKLESNLDGY(13)KACLCRCQETI--ANLERWV--KREMHVWREVF---YRL--ERWADR-L--ESTGGKYPVGSESA 144 
                          EE.E     HHHHHHHHHHHHHHHHHHHHHHHHHHHHHHH    HHHHHHHHH(13)HHHHHHHHHHH  HHHHHHH  HHH HHHHHHH   HHH  HHHH 

 
MAP-1       1   MTLRLLEDWCRG-MDMNPRKALLIAGISQSCSVAEIEEALQAGLAPLGEYRLLGRMFRRDENR----KVALVGLTAETSHALVPKEI--PGKGGIWRVIF-----K--PPDPDNTF--LSRLNEFLAG-EGM 115 
   HHHHHHHHHH        EEEEE       HHHHHHHHHH        EEEEE            EEEEEE                      EEEEE     E 
   
PMNA1       1   MAMTLLEDWCRG-MDVNSQRALLVWGIPVNCDEAEIEETLQAAM-PQVSYRMLGRMFWREENA----KAALLELTGAVDYAAIPREM--PGKGGVWKVLF-----K--PPTSDAEF--LERLHLFLAR-EGW 114 
                  HHHHHHHHHH        EEEEE       HHHHHHHHHHH      EEEEEEE      E....EEEEEEE                     EEEEE     E 

 
HIV MA     8   LSGGELDKWEKIRLRPGGKKQYKLKHIVWASRELE-------------RFAVNPGLLETSEGC----RQILGQLQPSLQTGS--EEL--RSLYNTIAVLYCVHQRI--DVKDTKEA--LDKIEEEQNK-SKK 113 

      HHHHHHHHH            HHHHHHHHHHHH             hh         HHHH    HHHHHHH          HHHHHHHHHHHHHHHHHHHH        HHHHHHHHHHHHHHHHHHHH      

 
N-TERMINAL CAPSID DOMAIN ALIGNMENT  
 
ARC        187  EPAEAQQYQPWV--PGEDGQPSPGVDTQIFEDPREFLSHLEEYLRQVG---GSEEYWLSQIQNHMNGPAKKWWEFK----QGSVKNWVEFKKEFLQYSEGT---LSREAIQRELDL  290 
                                                HHHHHHHHHHHHHH        HHHHHHHHHH   HHHHHH             HHHHHHHHHHH        HHHHHHHHHHH 

 
MAP1       154  QPALQCLKYKKL--RVFSGRESPEPGEEEFG---RWMFHTTQMIKAWQ---VPDVEKRRRLLESLRGPALDVIRVLKINNPL--ITVDECLQALEEVFGVT---DNPRELQVKYLT  256 
                            HH   HHHHHHHHHHH        HHHHHHHHHH     HHHHHHHHH         HHHHHHHHHHH         HHHHHHHHHH 

                 
PEG10       72  PPIEEECPEDLP--EKFDGNPDMLA---------PFMAQCQIFMEKSTRDFSVDRVRVCFVTSMMTGRAARWASAKLERSHYLMHNYPAFMMEMKHVFEDP---QRREVAKRKIRR  173 
                                    HHHHH         HHHHHHHHHHHHH       HHHHH        HHHHHHHHHHH         HHHHHHHHH         HHHHHHHHHHH 
                 
PMNA1      151  QPLVESIWYKRL--TLFSGRDIPGPGEETFD---PWLEHTNEVLEEWQ---VSDVEKRRRLMESLRGPAADVIRILKSNNPA--ITTAECLKALEQVFGSV---ESSRDAQIKFLN  252 
                       EEEE           HH   HHHHHHHHHHH        HHHHHHHHHH     HHHHHHHHH         HHHHHHHHHHH         HHHHHHHHHH 

 
HIV CA     148  SPRTLNAWVKVVEEKAFSPEVIPMFSALSEG---ATPQDLNTMLNTVG----GHQAAMQMLKETINEEAAEWDRVHPVHAGP--IAPGQMREPRGSDIAGT---TSTLQEQIGWMT  251 
                HHHHHHHHHHHHH       HHHHHHHH       HHHHHHHHH         HHHHHHHHHHHHHHHHHHHHHHH      HHHHHHHHH 

 
C-TERMINAL CAPSID DOMAIN ALIGNMENT  
 
ARC         291 PQKQGEPLDQFLWRKRDLYQTL------YVDADEEEI---IQYVVGTLQPKLKRFLRHPLPKTLEQLIQ--------RGMEVQDDLEQA 362 
                       HHHHHHHHHHHHHH            HHHH   HHHHHH   HHHHHHHH      HHHHHH        HHHHHHHHHHHH 
 
MAP1        258 YQKDEEKLSAYVLRLEPLLQKL------VQRGAIERD---AVNQARLDQVIAGAV-HKTIRRELNLPEDG----PAPGFLQLLVLIKDY 332 
                       HHHHHHHHHHHHHHH      HH     HH   HHHHHHHHHHHHH     HHHHHHHHHH          HHHHHHHHHHH 
 
PNMA1       253 YQNPGEKLSAYVIRLEPLLQKV------VEKGAIDKD---NVNQARLEQVIAGANHSGAIRRQLWLTGAG--EGPAPNLFQLLVQIREE 331 

           HHHHHHHHHHHHHHH      HH     HH   HHHHHHHHHHHHHH   HHHHHHHHHHHH         HHHHHHHHHHH 
 
PEG10       175 RQGMGS-VIDYSNAFQMIAQDL-----DWNEPALIDQ-----YHEGLSDHIQEELSHLEVAKSLSALIG--------QCIHIERRLARA 244 
                        HHHHHHHHHHHHH         HHHHHHH     HHHHHHHHHHHHHH       HHHHHH        HHHHHHHHHHH 
 
HIV CA      286 RQGPKEPFRDYVDRFYKTLRAE--QASQEVKNWMTETLLVQNANPDCKTILKALGPAATLEEMMTACQG-------------------- 352 
                       HHHHHHHHHHHHHH     HHHHHHHHHH        HHHHHHHHHHH    HHHHHHHH 
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Figure 43: Prediction of intrinsically disordered regions within RSV Gag.  
The confidence score (provided by DISOPRED3) for amino acid disorder (Y-axis) is plotted against the 
amino acid number (X-axis) of RSV Gag. Top panel: A simplified schematic diagram of RSV Gag is 
displayed above the plot. No regions of coiled-coil propensity have been predicted. 

 

5.2.2 Intrinsically disordered regions within the selected Gag homologs 

Intrinsically disordered regions in eukaryotic proteomes contain key signaling and regulatory 

modules and mediate interactions with many proteins 284. Polyproteins such as the retroviral 

Gag have disordered linkers separating the subdomains (see, for example, Figure 43). To predict 

intrinsically disordered regions within the Gag-like proteins, sequences were submitted to 

DISOPRED3 285 within the PSIRED server. DISOPRED3 provides a position-specific score 

that characterizes the propensity for intrinsic disorder. The results strongly support the presence 

of a CA-like moiety within all of the Gag-like proteins, as this region is very clearly demarcated 

from the surrounding disordered sequences (Figure 44). On the other hand, predictions for the 

MA-like region are more ambiguous, but do suggest the presence of an ordered N-terminal 

domain within MAP1 and PNMA1. Finally, the predictions highlight the structured ZF region in 

PEG10, which is flanked by disordered residues. This is also characteristic of the retroviral ZF. 

For example, the HIV-1 NC has a completely disordered conformation in its apo form. Zn2+-

binding causes the folding of the central domain containing the two ZFs, while the N- and C-

terminal domains of NC remain essentially unfolded (reviewed in 286). 
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5.2.3 Coiled-coil predictions 

The prediction of coiled-coil (CC) regions is possible due to their characteristic physicochemical 

properties and a defining heptad repeat. α-helical coiled‐coils arrange either parallel or antiparallel 

to each other and can be homo‐ or hetero‐oligomers, formed from separate chains, or from 

consecutive helices of the same chain. Most known coiled-coils in nature adopt one of four 

oligomeric states: antiparallel dimer, parallel dimer, trimer or tetramer. However, higher 

oligomeric states also exist. COILs 287 from the ExPASy server was used to predict CC regions 

within each Gag-like protein. Sequences were also submitted to the LOGICOIL server 288. 

Output from COILS displays the confidence score for each amino acid residue at a window size 

of 14, 21 and 24 amino acids long. The first 50 amino acids of PEG10 were predicted to have a 

very strong propensity for forming a coiled-coil structure with a confidence score of 1 across all 

window sizes. The C-terminus of PNMA1/MAP1 (amino acid 325-350) and the N-terminus of 

ARC (amino acids 55-75) are also predicted to form coiled-coil structures, though with less 

certainty. The confidence scores of these predicted coiled-coils range from 0.1 to 0.9, depending 

on window size. The prediction of a coiled-coil near the N-terminus of ARC is not without 

precedent. A recent report suggested that ARC, unique amongst identified Gag-like proteins, 

may be homologous to the Gag protein of the spumaviruses (a distinct genera of the Retroviridae) 

289. The spumavirus Gag protein contains a coiled-coil domain at the N-terminus 290,291. 

Interestingly, the putative PNMA1/MAP1 CC is located at a position correspondent to the CA-

NC boundary in retroviral Gag, where the hydrophobic spacer peptide (SP/SP1) is located in 

RSV and HIV. In immature retroviral particles, the spacer peptides form a parallel six-helix 

bundle, resembling a coiled-coil (Chapter 1, Figure 5; Section 3.4; Section 1.1.8). Within this 

structure, all of the aliphatic side chains make ’knobs-in-holes’ interactions similar to classical 

coiled-coils (reviewed in 29). Such tertiary structure elements are important for assembly of Gag 

and its proteolytic maturation. 

Figure 44 summarizes findings from the in silico coiled-coil predictions. In general, the 

regions predicted to be coiled-coils are also predicted to be disordered, however, this is an 

identified shortcoming of these algorithms 292. The percentage of cross prediction is especially 

high in viral proteomes 292. Coiled-coil segments are likely disordered in their monomeric state 

284,293, which may explain the frequency of cross-prediction. Therefore, when predicting 

disorder, it is encouraged to also predict specific oligomerization motifs such as coiled-coils. 

Circular dichroism studies have indeed shown that the region spanning SP1 and SP in HIV-1 
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and RSV, respectively, shifts from a random coil to a highly ordered state at high concentration 

or in a highly crowded environment 169,294. 
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Figure 44: Prediction of intrinsically disordered regions and coiled-coils within the selected Gag-like 
proteins.  
The confidence score (provided by DISOPRED3) for amino acid disorder (Y-axis) is plotted against the amino acid 
number (X-axis) of ARC, MAP1, PEG10 and PNMA1. A schematic diagram of each protein is displayed above 
each plot. The alignment in Figure 42 was used to label the approximate borders of the MA-like, and the NTD and 
CTD regions of CA-like region. In each protein, the CA-like region aligns well with the region of lowest propensity 
for disorder. Also, a region of strong coiled-coil propensity at the N-terminus of PEG10 schematic diagram is 
represented with a blue zigzag line. Regions within ARC, MAP1 and PNMA1 that have lower coiled-coil propensity 
are marked with “CC”.  
 

5.3 Construction of vectors for expressing the selected Gag 

homologs in E. coli with N- and C-terminal polyHistidine 

tags 

 

To initiate the experimental work, plasmids expressing the full length human Gag homologs 

were constructed as described in Section 2.3.3. Expression of the four selected Gag-like proteins 

(ARC, PEG10, MAP1 and PNMA1) was attempted with both N- and C-terminal non-cleavable 

polyHistidine tags, resulting in a total of eight expression vectors (Table 12 and Table 13). 

 

5.4 Preparation of Gag-like proteins 

 

5.4.1 Expression and solubility testing of mammalian Gag homologs carrying N- 

or C-terminal polyHistidine tags 

 

Expression and solubility testing were carried in small volumes as detailed in Sections 2.4.1.1 and 

2.4.2. Expression testing was conducted in E. coli strain BL21 (DE3) at three temperatures: 18, 

28 and 37 °C. IPTG at a concentration of 0.4 mM was used to induce expression at mid log 

phase of bacterial growth. Samples taken before induction and at the conclusion of expression 

were diluted at a 1:1 ratio with 2× SDS-PAGE loading dye (Chapter 2, Table 15) and analyzed 

for expression by SDS-PAGE. In order to test for the solubility of expressed proteins, bacterial 

cells were collected from cultures that were used for expression testing (as detailed in Section 

2.4.1.1. Bacterial pellets were mixed with cold lysis buffer (20 mM Tris/HCl pH 8.0, 200-250 

mM NaCl, 2.5 mM sodium citrate, 5 mM imidazole, 2.5 mM βME) and then lysed using 

sonication. Samples taken from soluble lysates - prepared by centrifugation - were analyzed for 

the presence of soluble target protein by SDS-PAGE. The overall results of expression and 

solubility testing are summarized in Table 27, and are fully described in the following sections. 

 



 

 

129  

5.4.1.1 C-terminally tagged constructs  

Based on SDS-PAGE analysis of expression testing (Figure 45), C-terminally tagged PNMA1, 

PEG10 and MAP1 were successfully expressed in E. coli strain BL21 (DE3). PNMA1 exhibited 

obvious expression bands at all temperatures tested, while PEG10 only expressed well at 18 °C. 

No expression of C-terminally tagged ARC was detected. Of the three expressed proteins, 

PNMA1 and PEG10 proved to be soluble, while MAP1 was insoluble (not shown). Therefore, 

large scale expression of C-terminally tagged PNMA1 and PEG10 was subsequently carried out 

at 18 °C. 

 
Figure 45: Expression of Gag homologs with C terminal polyHistidine tags, analyzed by SDS-PAGE. 
Samples were taken from expression cultures incubated at 37, 28 and 18 °C after induction with IPTG. The 
expected size of the expressed proteins is 37 - 47 kDa. Red arrows point to the position of expressed target protein. 
M = protein molar mass standards in kilodaltons (kDa). -IPTG = before IPTG induction. Note that for ARC the 
band seen at ~47 kDa in the 37 °C lane is likely a contaminant, as this band is not reproducibly observed. 
 

5.4.1.2 N-terminally tagged constructs  

Unlike the C-terminally tagged constructs, all of the N-terminally tagged Gag homologs could be 

expressed in E. coli strain BL21 (DE3) (Figure 46). Of the four expressed proteins, ARC and 

PEG10 were soluble, mostly at lower temperatures, while MAP1 and PNMA1 proved insoluble 

(Figure 46). Therefore, large-scale expression of N-terminally tagged ARC and PEG10 was 

subsequently carried out at 18 °C (Section 5.4.3). Although polyHistidine tagged MAP1 could 

not be expressed in soluble form, irrespective of the tag location, another study has reported the 

successful isolation of a GST-tagged murine MAP1 variant, expressed in bacteria 268. 
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Figure 46: Expression and solubility testing of Gag homologs with N terminal polyHistidine tags, 
analyzed by SDS-PAGE.  
Samples were taken from expression cultures incubated at 37, 28 and 18 °C after induction with IPTG. The 
expected size of the expressed proteins is 37 - 47 kDa (Red arrow). M = protein molar mass standards in 
kilodaltons (kDa). -IPTG = before IPTG induction. L = cell lysate. S = soluble lysate. Results for ARC 
expression at 18 °C are not shown. 

 

Table 27: Expression and Solubility testing of full-length Gag homologs 

Plasmid 
identifier 

Expressed 
Protein 

Molar mass 
of target 

protein (Da) 

Expressed? 
Y/N 

Soluble? 
Y/N 

pSJ531 ARC / His6 46,198 N - 
pSJ532 MAP1 / His6 40,447 Y N 
pSJ533 PEG10 / His6 37,901 Y Y 
pSJ534 PNMA1 / His6 40,697 Y Y 
pSJ551 His6 / ARC 46,428 Y Y 
pSJ536 His6 / MAP1 40,625 Y N 
pSJ537 His6 / PEG10 38,078 Y Y 
pSJ550 His6 / PNMA1 40,874 Y N 

 

5.4.2 Small scale affinity purification of Gag-like proteins 

As the Gag-like proteins carry polyHistidine-tags, isolation of C-terminally tagged PEG10 

(PEG10/His6) and PNMA1 (PNMA1/His6) was initially attempted using small scale 

immobilized metal affinity chromatography (IMAC), as detailed in Section 2.4.5.2. Buffers used 

for the trial purification are listed in Table 28. A cobalt-based metal affinity resin (TALON resin) 

was able to pull down polyHistidine-tagged PEG10 and PNMA1 in the lysate. However, despite 

the presence of high concentrations of imidazole in the elution buffer, elution was inefficient - 

suggesting non-specific interaction of PEG10 and PNMA1 with the IMAC affinity resin (Figure 

47). Therefore, the buffer composition was varied, in order to effect elution. We attempted 

elution in the presence or absence of a zwitterionic detergent (Empigen BB), at varying pH (9.5, 
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8.0 and 5.0), and in the presence or absence of a chaotropic salt (Guanidine-HCl). Guanidine-

HCl was added at only low concentrations (0.5 M) to minimize protein denaturation. 

Summarizing the results of these experiments, both PEG10 and PNMA1 could be eluted from 

IMAC resin in the presence of high concentrations of imidazole (200-500 mM) either at alkaline 

pH (~9.5) or in the presence of 1 % Empigen BB (Figure 48). These same conditions also 

proved useful for purification of the remaining soluble Gag homologs (His6/ARC and 

His6/PEG10, Table 27). Large-scale affinity purification of all four soluble Gag-like proteins was 

therefore carried using an elution buffer containing 500 mM imidazole at pH 9.5 (Section 5.4.3). 

 

Table 28: Buffers used for the small scale affinity purification of Gag-like proteins 
Lysis/IMAC wash buffer 20 mM Tris/HCl pH 8.0, 200-250 mM NaCl, 2.5 mM sodium 

citrate, 5 mM imidazole, 2.5 mM βME 
IMAC elution buffer 
 

20 mM Tris/HCl pH 8.0, 200 mM NaCl, 2.5 mM sodium citrate, 
500 mM imidazole, 2.5 mM βME 

 

 
Figure 47: Small scale affinity purification of PEG10/His6 and PNMA1/His6.  
SDS-PAGE showing that non-specific interactions of PEG10 (left gel) and PNMA1 (middle gel) with 
IMAC resin at neutral pH prevent elution of PEG10 and PNMA1, even in the presence of high 
concentrations of imidazole (200-500 mM). A sample from IMAC resin was taken for SDS-PAGE analysis 
after pulldown of PEG10/PNMA1 in order to confirm that the protein is retained by the resin. M = 
protein molar mass standards in kilodaltons (kDa). S = soluble lysate. FT = IMAC resin flow through. E 
= elution. 
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Figure 48: Effective elution of PEG10/His6 and PNMA1/His6 from IMAC resin 
SDS-PAGE analysis showing that both PEG10/His6 and PNMA1/His6 can be eluted from IMAC resin in 
the presence of high concentrations of imidazole (200-500 mM) either at alkaline pH values (pH 9.5) or in 
the presence of 1 % Empigen BB detergent. Lanes “1” = pH 5.0, “2” = 0.5 M Guanidine-HCl in IMAC 
elution buffer (Table 28), “3” = pH 9.5, “4” = pH 9.5 + 500 mM imidazole, “5” = 1 % Empigen BB in 
IMAC elution buffer (Table 28), “6” = IMAC elution buffer (Table 28). M = protein molar mass standards 
in kilodaltons (kDa). S = soluble lysate. FT = IMAC resin flow through. E = elution. 

 

5.4.3 Purification of Gag-like Proteins 

Soluble C-terminally tagged PEG10 and PNMA1, as well as N-terminally tagged ARC and 

PEG10 were expressed in large scale as described in Section 2.4.3. All of these proteins could be 

readily purified by IMAC, anion exchange (AEX) and size exclusion chromatography (SEC) 

following the general procedures described in Sections 2.4.5. Buffers used for the purification of 

proteins are listed in Table 29. 

Tagged proteins in the soluble fractions were subjected to IMAC. Proteins were then 

eluted from the Cobalt-based metal affinity resin (TALON resin) using a buffer containing 500 

mM imidazole at pH 9.5 (Table 29). Following affinity purification, eluted fractions from IMAC 

containing target protein were pooled and diluted to achieve a final buffer composition of 12.5 

mM Piperazine/HCl, 50 mM NaCl, 5 mM βME and 5 mM sodium citrate, pH 9.5. Piperazine 

was employed because it buffers effectively at alkaline pH (pKa values: 5.3 and 9.7) and as a 

cationic species, will not bind to the anion exchange media. The diluted protein preparation was 

then bound to positively charged Q Sepharose HP resin packed into an XK 16/200 column (GE 

Healthcare). Alternatively, anion exchange was performed on a HiTrap QFF 5 ml column (GE 

Healthcare). The target protein was then eluted using a linear 50 -1000 mM salt gradient in an 

AEX buffer (buffer components are listed in Table 29). All proteins eluted at NaCl 

concentrations of 300-400 mM. Fractions from anion exchange that contained target protein (as 

analyzed by SDS-PAGE) were pooled and concentrated. The concentrate was then subjected to 
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SEC using sephacryl S-500 size exclusion resin (GE Healthcare), packed into a XK 16/600 

column that was equilibrated with SEC buffer (Table 29). Initially, size exclusion 

chromatography was performed using Superdex 200 SEC resin (GE Healthcare). However, 

employing this resin, which has smaller pores than Sephacryl S-500, proteins typically eluted at or 

very close to the void volume, compromising the purification. Therefore, in all subsequent size 

exclusion purifications Sephacryl S-500 was used instead of Superdex 200. Figure 49, Figure 50 

and Figure 51 show the SEC elution profiles of His6/ARC, PEG10/His6 and PNMA1/His6 

using Sephacryl S-500. Based on calibration of the Sephacryl S-500 column using nanosphere 

(Polystyrene bead) size standards (Thermo Scientific), the estimated hydrodynamic radius of 

purified proteins is 8-14 nm (Figure 52 and Section 2.5.4). Given the large size of these species in 

comparison to the molar mass of a monomer (~37-47 kDa), it is inferred that the purified Gag 

homologs self-assemble or aggregate into high mass species in solution. Attempts were 

subsequently made to characterize these aggregated species, as detailed in Sections 5.7 - 5.9. The 

SEC elution profile of PEG10/His6 is quite asymmetric in comparison to His6/ARC and 

PNMA1/His6, suggesting some degree of heterogeneity 295, a finding also inferred by dynamic 

light scattering (Section 5.7). Following size exclusion chromatography, fractions which 

contained the target protein were pooled and concentrated to 5–20 mg/ml and stored at 4 °C or 

snap-frozen in liquid nitrogen and stored at –80 °C until further use. All purification steps were 

performed at 4 °C. The molar masses of purified proteins were measured using electrospray 

ionization mass spectrometry to confirm their identity (Section 5.5). 

 

Table 29: Buffers used for the purification of polyHistidine-tagged Gag homologs. 
Lysis/IMAC wash buffer 20 mM Tris/HCl pH 8.0, 200-250 mM NaCl, 2.5 mM sodium 

citrate, 5 mM imidazole, 2.5 mM βME 
IMAC elution buffer 20 mM piperazine/HCl pH 9.5, 200 mM NaCl, 2.5 mM sodium 

citrate, 500 mM imidazole, 2.5 mM βME 
Low/High salt AEX buffer  12.5 mM piperazine/HCl pH 9.5, 5 mM βME, 5mM sodium 

citrate, 50 mM or 1000 mM NaCl 
SEC and storage buffer 20 mM tetra-sodium borate (pH 9.5), 150 mM NaCl, 0.5 mM 

sodium azide (NaN3), 0.25 mM TCEP-HCl 
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Figure 49: Size exclusion chromatography of His6/ARC on Sephacryl S-500 resin. 
1 ml of 2.4 mg/ml His6/ARC was loaded on SEC column. Fractions analyzed by SDS-PAGE (figure inset) 
are highlighted in red. A band of the expected size for ARC (46 kDa) is visualized by SDS-PAGE. M = 
protein molar mass standards in kilodaltons (kDa). 

 
 

 
Figure 50: Size exclusion chromatography of PEG10/His6 on Sephacryl S-500 resin. 
1 ml of 17.6 mg/ml PEG10/His6 was loaded on SEC column. Fractions analyzed by SDS-PAGE (figure 
inset) are highlighted in red. A band of the expected size for PEG10 (38 kDa) is visualized by SDS-PAGE. 
M = protein molar mass standards in kilodaltons (kDa). 
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Figure 51: Size exclusion chromatography of PNMA1/His6 on Sephacryl S-500 resin. 
1 ml of 1 mg/ml PNMA1/His6 was loaded on SEC column. Fractions analyzed by SDS-PAGE (figure 
inset) are highlighted in red. A band of the approximate expected size for PNMA1 (41 kDa) is visualized by 
SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa). 

 

 
Figure 52: Estimation of the hydrodynamic radius of purified Gag homologs. 
The nanosphere size standards are used to calibrate the Sephacryl S-500 column and the resulting cube root 
of distribution coefficient (σ1/3) is plotted as a function of hydrodynamic radius (nm). The distribution 
coefficients for ARC (×, σ = 0.839), PNMA1 (×, σ = 0.842) and PEG10 (∆, σ = 0.779) are indicated. The 
resultant estimates for the hydrodynamic radius are 8.89 nm (ARC), 8.65 nm (PNMA1) and 13.65 nm 
(PEG10) 
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5.5 Mass Spectrometry of the full length proteins 

Electrospray ionization (ESI) mass spectrometry was performed on purified PEG10/His6 and 

PNMA1/His6 as detailed in Section 2.5.3. The resulting mass estimates are in good agreement 

with the theoretical masses of the full length and unmodified proteins (Figure 53 and Table 30). 

 

 
Figure 53: Mass Spectrometry analysis on PNMA1. 
Raw data (A) and its deconvolution (B). 
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Table 30: Theoretical and experimental molar masses of purified Gag-like proteins. 
Protein Molar Mass 

Calculated Measured* 
PEG10 / His6 37,901 37,904 

PNMA1 / His6 40,697 40,698 
*instrumental error is estimated as +/- 2 Da for the measured masses. 
 

5.6 PEG10 binds to nucleic acids 

Spectrophotometric analysis was performed to estimate purified protein concentrations as 

outlined in Section 2.5.2. The anion exchange step was omitted in the initial purifications of 

PEG10/His6 and PNMA1/His6. The absorbance spectrum of the purified preparation suggested 

that there was nucleic acid (NA) bound to PEG10/His6 (Figure 54). This was indicated by the 

UV absorbance at a wavelength of 260 nm (A260) being higher than the value at 280 nm (A280), 

even after applying a correction for light scattering (detailed in Section 2.5.2.1). On a molar basis, 

NA absorbs UV light much more strongly than protein, with a peak absorbance at 260 nm 296. 

Therefore, the A260 to A280 ratio is commonly used to assess nucleic acid contamination of 

protein preparations. Once an anion exchange step was incorporated into the purification of 

PEG10/His6, the spectral features resulting from bound NA were lost, suggesting that it was 

effectively removed by anion exchange. 

 
Figure 54: UV absorbance spectrum of PEG10 and PNMA1. 
The absorbance spectrum of PEG10 before (blue) and after (grey) ion exchange purification shows that nucleic 
acid is likely bound to the protein and effectively removed by the ion exchange process. In contrast the 
absorbance spectrum of PNMA1 suggests that no nucleic acid is bound, and is unaltered by the ion exchange 
process. All displayed spectra were corrected for the effects of light scattering. 
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In contrast, standard protein UV absorbance spectra were consistently observed for PNMA1 

(Figure 54) and ARC (data not shown), which indicates the absence of bound NA. As PEG10 

has a zinc-finger (ZF) like motif that is not present in ARC and PNMA1, the result is not 

surprising. The ZF-like motif is present at the C-terminus of PEG10 and is rich in basic amino 

acids, similar to retroviral ZF’s (Figure 41).  

 

5.7 Dynamic light scattering studies of the high mass assemblies 

Observations from size exclusion chromatography and from spectrophotometry indicate that the 

purified Gag-like proteins exist as large aggregates in solution. Dynamic light scattering was used 

to provide an alternate estimate of the hydrodynamic radius of these aggregates. 150-200 

independent autocorrelation functions were collected on purified His6/ARC (~2 mg/ml), 

PNMA1/His6 (~3 mg/ml) and PEG10/His6 (~2.5 mg/ml) (Figure 55). Based on cumulants 

analysis of the data, the polydispersity index was estimated to be ~ 17 % (i.e. the samples appear 

to be fairly monodisperse) for PNMA1 and ARC, while it was approximately 25% for PEG10. 

The Z-average hydrodynamic radius was ~10 nm for both ARC and PNMA1 and ~13.5 nm for 

PEG10, at a temperature of 4 °C. 

More comprehensive DLS measurements were made for PNMA1 (Figure 55D), The 

protein concentration was varied (0.5, 1.0, 1.5, 2.0 and 3.0 mg/ml) and the Z-average 

hydrodynamic radius (RH) was estimated from the data at each concentration, using the method 

of cumulants. The translational diffusion coefficient, and hence hydrodynamic radius, measured 

at any finite protein concentration are only apparent values. In order to estimate the true 

hydrodynamic radius of the PNMA1 particles, the data (RH versus concentration) were fitted to a 

linear function and the true Hydrodynamic radius (8.1 nm) estimated as the value at infinite 

protein dilution (the y-intercept Figure 55.D). 

Therefore, DLS experiments on the purified proteins confirmed that these proteins are 

assembled into high mass species. In the case of ARC and PNMA1, the assemblies vary slightly 

in size. 
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Figure 55: Dynamic light scattering studies of Gag-like proteins. 
A representative autocorrelation function collected for ARC (A), PEG10 (B) and PNMA1 (C). Top panel in A-C: the experimental data points (empty black circles), the fitted 
cumulants model (red), and baseline (blue). Bottom panel in A-C: residuals for the cumulants model (black dots). D, Plot of the Z-average hydrodynamic radius of PNMA1 
particles, in standard storage buffer, as a function of protein concentration. Data points are the average from 3 independent experiments. The data are fitted to a linear function in 
protein concentration, with the y-intercept (infinite protein dilution) providing an estimate for the true hydrodynamic radius of the PNMA1 particles. 
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5.8 Observations on assembly using electron microscopy 

We imaged the Gag-like particles negatively stained with uranyl acetate (UA), using transmission 

electron microscopy (TEM). The observations were generally consistent with data from SEC, 

DLS and UV spectrophotometry, but did not reveal any highly organized or regular assemblies. 

Negatively stained specimens were prepared as described in Section 2.5.9.1. Mainly disordered or 

clumped aggregates (Figure 56.A) were observed. In the case of PNMA1, tubular assemblies 

(Figure 56.B) were also infrequently observed. As the type of negative stain can influence the 

results, the imaging was repeated using an ammonium molybdate (AM) solution (pH ~7.0) in 

place of UA (pH ~ 4.5). When staining with AM, irregular electron-dense particles were more 

clearly observed, which appeared different in the case of PEG10 (Figure 56.C) and PNMA1 

(Figure 56.D1-3). Even though no ultrastructure is apparent, it appears that Gag-like proteins 

possess particle forming ability, which is the cardinal function of the retroviral Gag polyprotein. 

TEM imaging of PEG10 that had been purified by ion exchange, and therefore stripped of 

nucleic acid, revealed no such particle formation. This suggests that NA-binding to PEG10 

contributes to the stability of the assembled particle, just as it does in retroviral particles. 

In an attempt to visualize the PNMA1 particles at higher resolution we imaged frozen 

and vitrified specimens using Cryo-EM to avoid the damaging and potentially distorting effects 

of embedding the specimen in negative stain. However, Cryo-EM is inherently low contrast, and 

the particles were quite indistinct when visualized in this fashion (Figure 57.A). Consequently, we 

decided to perform a Cryo-negative staining procedure 126 on PNMA1 (Section 2.5.9.3). The 

procedure combines the benefits of frozen-hydrated preparations together with the electron 

scattering power of a heavy-metal salt solution. A saturated (~3M) AM stain was used to 

perform a 2× dilution of purified PNMA1 sample at 3 mg/ml protein concentration. The 

mixture was immediately applied to a glow discharged grid, which was then vitrified and 

subsequently prepared for CryoEM visualization as detailed in Section 2.5.9.2. Surprisingly, the 

spherical particles disappeared and many tubes were visualized (Figure 57.B and C).  
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Figure 56: Transmission electron micrographs of PNMA1 and PEG10 particles.  
Image from negative-staining-TEM of PEG10 (A) and PNMA1 (B) showing clumped particles in both 
proteins and a tubular assembly only in PNMA1. Separated PEG10 (C) and PNMA1 (D1-3) particles 
could be observed by using AM negative stain. 

  



 

 

143  

 

  
Figure 57: CryoEM investigation of PNMA1. 
(A) PNMA1 particles imaged by CryoEM in standard buffer. (B) PNMA1 tubes imaged by Cryo-EM following addition of saturated AM solution (Cryo-negative staining). (C) Low 
magnification image taken of the grid in B, after warming to room temperature showing the persistence of PNMA1 tubes. 
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5.9 Probing structure of Gag homologs by limited proteolysis 

The retroviral Gag polyprotein consists of multiple globular structural domains linked by flexible 

regions, which serve as cut sites for the retroviral protease (reviewed in 19). Therefore, we 

wanted to investigate if the mammalian Gag homologs maintain this architecture. The presence 

of structured domains interspersed with intrinsically disordered sequences had already been 

indicated using bioinformatics (Section 5.2.1 and 5.2.2). In particular, the analysis (Section 5.2) 

suggests the presence of an ordered CA-like region lacking the flexible linker, which separates 

the CA-NTD from the CA-CTD in retroviruses. In addition, a MA-like region linked to a CA-

like region by a stretch of disordered residues has also been predicted in the case of MAP1 and 

PNMA1 (Figure 44). The fact that all purified Gag homologs assemble into high molar mass 

species raises the possibility that the CA-like domain (~20 kDa) is mediating higher order 

assembly, as is the case for retroviral Gag proteins. This would suggest the general architecture 

and functionality of these molecules has been maintained. However, it is also conceivable that 

the domain organisation of these proteins might have changed extensively due to the 

domestication process. Therefore, we used limited-proteolysis to investigate the general 

organization of the Gag-like proteins and to identify the boundaries of any structural domains 

embedded within them. Limited enzymatic proteolysis is a well validated biochemical approach 

used to help determine the boundaries of structural domains (reviewed in 114). This is achieved 

by using a protease (e.g. trypsin) to hydrolyse peptide bonds in flexible regions of a protein, 

while the structured regions are less accessible. Resulting stable fragments can be subjected to 

mass spectrometry to identify cut sites. Limited proteolysis was, indeed, the method originally 

used to identify that the retroviral CA is composed of two distinct domains 133. 

Limited proteolysis experiments utilizing trypsin and endoproteinase Glu-C (GluC) were 

performed as detailed in the Materials and Methods chapter (Section 2.5.5). According to the 

specificity of trypsin and GluC (detailed in Sections 2.5.5.1 and 2.5.5.2), numerous potential cut 

sites exist within the predicted disordered and ordered regions of the proteins. The final reaction 

mixture contained 1 mg/ml of His6/ARC, PNMA1/His6 and PEG10/His6: a concentration 

sufficient to make visualization of the resulting proteolytic fragments straightforward using SDS-

PAGE. Conditions for the limited proteolysis reactions were optimized by varying the enzyme to 

substrate ratio (E:S) and the temperature of the reaction. Samples were removed at regular time 

points and the reaction quenched by the addition of 2× SDS-PAGE loading buffer. We 

subsequently analyzed samples using SDS-PAGE to investigate the reaction time course, and the 

development of stable proteolytic fragments. Trypsin experiments were initially tested both on 
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ice and at 37 °C. We found that at 37 °C trypsin rapidly degraded almost all protein within ~5 

minutes. Therefore, all subsequent trypsin digests were performed on ice, using an E:S ratio of 

~1:70 (w/w). GluC was similarly tested on ice, at 30 °C and 37 °C, using an E:S ratio of 1:70 and 

1:30. GluC was much less aggressive than trypsin, and hence GluC experiments were eventually 

carried out at 37 °C with an E:S ratio of ~1:30.  

Using these refined conditions, limited trypsinization of ARC, PEG10 and PNMA1 

resulted in a major fragment with an apparent molar mass of ~20 kDa developing over time as 

the band due to the full length protein (38-46 kDa) disappears (Figure 58). The protease-resistant 

fragment is likely a structured domain, identification of which was attempted using Mass 

Spectrometry (Section 5.9.1). When comparing GluC to trypsin, a more pronounced laddering 

effect was observed in GluC digestion of the same protein. This perhaps is due to the slower 

kinetics of digestion by GluC. However, in the case of GluC digestion of ARC a single major 

species of ~25 kDa evolved towards the end of the reaction (Figure 58). In trypsin gels (Figure 

58) the lane labelled “0” minutes has additional bands when compared to the lane containing 

only the Gag-like protein. This is due to the rapid degradation by trypsin. Subsequently, mass 

spectrometric analysis was employed, to determine the actual boundaries of the protease resistant 

fragments (Section 5.9.1). 
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Figure 58: Limited trypsin and endoproteinase Glu-C (GluC) proteolysis of ARC, PEG10 and 
PNMA1.  
After addition of trypsin or GluC to purified protein, samples were quenched at various time points as 
indicated by the numbers (minutes). A stable proteolytic fragment developed over time that has a size of 
~20 kDa (red arrow). M = protein molar mass standards in kilo Daltons (kDa). 

 

5.9.1 Identification of structured domains by Mass Spectrometry 

To identify the exact boundaries of the stable proteolytic fragments, ESI-MS was performed. To 

prepare samples for MS, the limited proteolysis reaction was quenched at the optimum time by 

plunging the sample into liquid nitrogen and storing it at –80 °C until it was thawed and 

immediately subjected to LC-MS (Section 2.5.3). In general, trypsin samples were quenched after 

2 hours on ice (E:S ratio 1:70), while GluC samples were quenched after 3 hours at 37 °C (E:S 

ratio 1:30). Initially, trypsin digests were quenched by lowering the pH (achieved by the addition 

of 5 % acetic acid), however, this caused the protein to precipitate, which interfered with the 

downstream MS analysis. Therefore, all subsequent samples for LC-MS were quenched by 

freezing. Analysis of the resulting spectra showed a number of predominant mass species (Figure 

59). For data analysis, we integrated fragments that are within the instrumental error (+/- o.oo5 
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%), and allowed for the possibility of one single deamidation event (+0.984 Da). We assumed 

that no disulfide bonding would occur during the proteolysis reaction due to the presence of a 

reducing agent (TCEP). Fragments less than 4 kDa in size were excluded from analysis because 

these are too small to represent structured domains. 

 

 

 
Figure 59: LC-MS analysis on PEG10 after 2 hours of trypsin digestion on ice. 
Averaged mass spectrum for species eluted from the liquid chromatography column between 
28-31 minutes (A) and the deconvolution of the raw data (B). 

 
Using the known cleavage specificity of trypsin and GluC, the masses of all possible proteolytic 

fragments resulting from the parental protein sequence were generated. Comparing the expected 
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and experimental fragment masses allowed unambiguous identification of the fragment in the 

majority of cases. Figure 60 - Figure 64 illustrate a summary of the mass species identified by MS 

and the matched region in each protein. 

 

5.9.1.1 Analysis of trypsin results 

Typically, trypsin is the enzyme of choice in limited-proteolysis reactions because of its relatively 

high cleavage specificity (the COOH-terminal side of lysine and arginine) and its ability to digest 

insoluble substrates 297. Trypsin results (Figure 60, Figure 61 and Figure 62) are in general 

agreement with the bioinformatics findings (Section 5.2). Fragments encompassing the CA-like 

region were detected for each of ARC, PEG10 and PNMA1 (30.7 kDa, 20.7 kDa and 30.1 kDa, 

respectively) with the lengths of these fragments appearing to reflect the proximity of trypsin cut 

site to the boundaries of the CA-like domain in each case. In addition, in the case of both 

PEG10 and PNMA1, protease-resistant fragments that correspond to polypeptides containing 

CA-NTD-like domain were detected (~18 kDa in PNMA1 and 12 kDa in PEG10; Figure 61 and 

Figure 62). In PEG10, fragments that correspond to the CA CTD-like were also detected (~8-9 

kDa). In all cases, no fragment corresponding to the MA-like region was detected, suggesting the 

susceptibility of this region to trypsin digestion. The resistance of the CA-like region to digestion 

effectively confirms that this region is structured. Limited trypsinization of HIV CA identified 

that it is composed of two distinct domains, and the N-terminal domain is more resistant to 

proteolysis than the C-terminal domain 133. The ability of trypsin to cut at different neighbouring 

residues at the “inter-domain” boundary in PEG10 suggests that the linker sequence could be 

flexible, as is the case in retroviruses. Finally, using the analysed MS data, we were able to 

identify most tryptic fragments detected by SDS-PAGE. One exception is an ARC tryptic 

fragment (~20 kDa) observed by SDS-PAGE which was not identified by MS. This fragment 

could be insoluble or ineffectively ionized, hindering its detection by MS. 

 

5.9.1.2 Analysis of GluC Results 

The results of GluC digestion were not as readily interpreted as the tryptic digests, and not all 

fragments observed on SDS-PAGE were detected by LC-MS. A CA-CTD-like fragment was 

detected for PEG10, as well as CA-NTD-like and MA-like fragments for PNMA1. However, 

fragments that cut in the middle of these domains were also observed. One likely reason is the 

temperature of the reaction: while trypsin reactions were carried on ice, GluC reactions were 

carried at 37 °C because they were much slower. It is probable that the conformation of the 
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Gag-like proteins starts to fluctuate significantly at higher temperatures, thereby changing the 

susceptibility of the structured domains to proteolysis. 

Based on the MS results summarized in these figures, and the bioinformatics results 

summarized in Section 5.2, we proceeded to subclone the identified domains to enable structural 

characterization (Section 5.10).  
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Figure 60: Fragments detected by LC-MS of ARC tryptic digests. 
Upper panel: The possible cleavage sites of trypsin along the ARC sequence are highlighted in red. Lower panel: schematic representation of ARC domains based on bioinformatics 
and below it are fragments detected by LC-MS and mapped to corresponding regions of ARC. Table shows the theoretical and experimental molar masses of the displayed 
peptides. 
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Figure 61: Fragments detected by LC-MS of PEG10 tryptic digests.  
Upper panel: The possible cleavage sites of trypsin along the PEG10 sequence are highlighted in red. Lower panel: schematic representation of PEG10 domains based on 
bioinformatics and below it are fragments detected by LC-MS and mapped to corresponding regions of PEG10. Table shows the theoretical and experimental molar masses of the 
displayed peptides. 
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Figure 62: Fragments detected by LC-MS of PNMA1 tryptic digests. 
Upper panel: The possible cleavage sites of trypsin along the PNMA1 sequence are highlighted in red. Lower panel: schematic representation of PNMA1 domains based on 
bioinformatics and below it are fragments detected by LC-MS and mapped to corresponding regions of PNMA1. Table shows the theoretical and experimental molar masses of the 
displayed peptides. 
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Figure 63: Fragments detected by LC-MS of PEG10 GluC digests. 
Upper panel: The possible cleavage sites of GluC along the PEG10 sequence are highlighted in red. Lower panel: schematic representation of PEG10 domains based on 
bioinformatics and below it are ARC fragments detected by LC-MS and mapped to corresponding regions of PEG10. Table shows the theoretical and experimental molar masses 
of the displayed peptides. 
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Figure 64: Fragments detected by LC-MS of PNMA1 GluC digests.  
Upper panel: The possible cleavage sites of GluC along the PNMA1 sequence are highlighted in red. Lower panel: schematic representation of PNMA1 domains based on 
bioinformatics and below it are fragments detected by LC-MS and mapped to corresponding regions of PNMA1. Table shows the theoretical and experimental molar masses of the 
displayed peptides.  
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5.10 Constructs for expressing subdomains of PEG10 and PNMA1 

Based on the results of the limited proteolytic digests, constructs were designed for expression of 

stable protease-resistant fragments of PEG10 and PNMA1 (Figure 65 and Figure 66). 

Construction of the expression vectors is detailed in Section 2.3.3.3. PEG10 constructs carried 

an N-terminal polyHistidine tag, while PNMA1 constructs carried a C-terminal polyHistidine 

tag. As there has been no prior structural analysis of either protein, this choice was essentially 

arbitrary. Two MAP1 CA-like constructs were also created based solely on sequence analysis, 

since full MAP1 could not be expressed in soluble form. In order to narrow the focus of 

investigations, no constructs expressing subdomains of ARC were created. 

 

 
Figure 65: Truncated PEG10 expression constructs. 
Top: Suggested organization of PEG10 based on bioinformatics analysis (refer to Figure 44 and associated 
discussion). Bottom: PEG10 fragments to be expressed based on results of limited proteolysis. Numbering 
corresponds to the full-length PEG10 sequence. 
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Figure 66: Truncated PNMA1 expression constructs. 
Top: Suggested organization of PNMA1 based on bioinformatics analysis (refer to Figure 44 and associated 
discussion). Bottom: PNMA1 fragments to be expressed based on results of limited proteolysis. Numbering 
corresponds to the full-length PNMA1 sequence. 

 

5.11 Expression and solubility testing of PEG10 and PNMA1 

subdomains 

All constructs were tested for expression and solubility on a small scale using the protocols 

described in Sections 2.4.1.1 and 2.4.2. Protein expression in E. coli strain BL21 (DE3) was 

induced by addition of 0.4 mM IPTG and cultures were subsequently incubated overnight at 18 

°C. Samples were taken before induction and at the conclusion of protein expression. Pellets 

from the expression cultures were lysed, and the soluble fraction passed over IMAC resin, in a 

spin column format (Section 2.4.5.2), in order to isolate the expressed proteins. Samples from 

this miniaturized purification procedure were then analyzed using SDS-PAGE (Figure 67 and 

Figure 68). The results are summarized in Table 31 and Table 32. The composition of the 

lysis/IMAC wash buffer and the IMAC Elution buffer used in this procedure are detailed in 

Table 33. Approximately half the tested constructs were either not expressed, or expressed in an 

insoluble form.  

 



 

 

157  

 
Figure 67: Expression testing and small scale purification of truncated PEG10 proteins. 
SDS-PAGE of samples taken from: Cell culture before and after IPTG induction (-IPTG and +IPTG); cell 
lysate (lysate); clarified supernatant (supernatant); flow through from TALON resin column (flow through); 
eluent from TALON resin column (eluent); TALON resin after elution (resin). Marker: Precision Plus 
Protein™ Unstained Standards (Biorad). 
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Figure 68: Expression and small scale purification of truncated PNMA1 and MAP1 proteins. 
SDS-PAGE of samples taken from: Cell culture before and after IPTG induction (-IPTG and +IPTG); cell 
lysate (lysate); clarified supernatant (supernatant); flow through from TALON resin column (flow through); 
eluent from TALON resin column (eluent); TALON resin after elution (resin). Marker: Precision Plus 
Protein™ Unstained Standards (Biorad). 
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Table 31: Summary of expression and solubility testing of PEG10 variants 

Plasmid 
identifier Truncated PEG10 variant 

Expected 
protein size 

(kDa) 
Expressed? Soluble? 

pSJ552 PEG10 1-242 (∆ NA binding 
motif) 

29 Y Y 

pSJ553 PEG10 62-242 (CA-like) 22 Y Y 
pSJ554 PEG10 75-242 (CA-like) 21 Y N 
pSJ555 PEG10 84-242 (CA-like) 20 Y N 
pSJ556 PEG10 164-242 (CA-CTD-like) 10 N - 
pSJ642* PEG10 164-242 (CA-CTD-like) 11 Y Y 
pSJ557 PEG10 62-163 (CA-NTD-like) 13 Y Y 
pSJ558 PEG10 75-163 (CA-NTD-like) 12 Y N 

pSJ559 PEG10 84-163 (CA-NTD-like) 11 N - 
pSJ560 PEG10 62-end (∆ coiled-coil) 31 Y Y 
pSJ561 PEG10 75-end (∆ coiled-coil) 30 Y N 
pSJ562 PEG10 84-end (∆ coiled-coil) 29 Y N 
* The sole construct with a cleavable N-terminal polyHistidine tag. All the remaining truncated PEG10 proteins 
have non-cleavable N-terminal polyHistidine tag. 
 

Table 32: Summary of expression and solubility testing of PNMA1 and MAP1 variants 

Plasmid 
identifier Truncated PNMA1 variant 

Expected 
protein 

size (kDa) 

Expressed 
(Y/N) 

Soluble 
(Y/N) 

pSJ563 PNMA1 1-153 (MA-like) 18 Y Y 
pSJ564 PNMA1 154-330 (CA-like) 21 Y Y 
pSJ565 PNMA1 154-244 (CA-NTD-like) 11 Y Y 
pSJ566 PNMA1 242-330 (CA-CTD-like) 11 Y Majority 

insoluble 
pSJ567 PNMA1 89-244 (a tryptic fragment) 19 Y Y 
pSJ568 PNMA1 89-end (a tryptic fragment) 31 Y (poorly) Y 
pSJ569 MAP1 135-329 (CA-like based on 

bioinformatics) 
23 Y N 

pSJ643* MAP-1 135-329 (CA-like based on 
bioinformatics) 

25 N - 

* The sole construct with a cleavable N-terminal polyHistidine tag. The remaining truncated PNMA1 and MAP1 
proteins have C-terminal non-cleavable polyHistidine tag. 
 

5.12 Large scale expression of PEG10 and PNMA1 CA-like 

domains 

Subsequent investigation focused on the following constructs, which were soluble and 

corresponded to MA-like and CA-like domains: 

- PEG10 62-242 (CA-like; plasmid pSJ553) 
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- PEG10 62-163 (CA-NTD-like; plasmid pSJ557) 

- PEG10 164-242 (CA-CTD-like; plasmid pSJ642) 

- PNMA1 1-153 (MA-like; plasmid pSJ563) 

- PNMA1 154-330 (CA-like; plasmid pSJ564) 

- PNMA1 154-244 (CA-NTD-like; plasmid pSJ565) 

All of these proteins were expressed in 2-4 L cultures, while maintaining the protein expression 

conditions that were used in the initial trials (Section 5.12.1).  

 

5.13 Purification of PEG10 CA-like, CA-NTD-like and CA-CTD-

like 

Proteins were subsequently purified on a large scale using IMAC and SEC. Briefly, pellets from 

expression cultures were re-suspended into lysis buffer in the presence of EDTA-free protease 

inhibitors (Roche). PolyHistidine-tagged proteins in the soluble fractions were subjected to 

IMAC. Elution from the nickel-based metal affinity resin (HisTrap HP 1ml column, GE 

Healthcare) was achieved using a buffer containing 500 mM imidazole at pH 8.0 (Table 33).  

Following affinity purification, fractions containing the target protein (as analyzed by 

SDS-PAGE) were pooled and concentrated to ~10 mg/ml using a 3.5 kDa Cutoff vivaspin 20 

(GE Healthcare) centrifugal concentrator. The concentrated protein was then subjected to size 

exclusion chromatography using either Superdex 200 or 75 resin (GE Healthcare) equilibrated 

with SEC buffer (Table 33). The initial SEC profiles of PEG10 CA-like and CA-NTD-like at pH 

9.5 showed multiple peaks containing the target protein, suggesting protein aggregation. 

Repeating the SEC at varying pH (8.0 and 5.4) did not change the behavior of CA-NTD-like, but 

CA-like showed much reduced heterogeneity at acidic pH (pH 5.4). Figure 69, Figure 70 and 

Figure 71 show the SEC elution profiles of PEG10 CA-like (pH 5.4), CA-NTD-like (pH 8.0) 

and CA-CTD-like (pH 8.0), respectively. While CA-NTD-like is heavily aggregated, CA-like and 

CA-CTD-like did not significantly aggregate and, in major part, elute from SEC in a single fairly 

symmetric peak. The contrasting behavior of full length PEG10 suggests a critical role for the 

NA-binding Zinc finger domain (Section 5.6) and the coiled-coil regions in particle assembly. 

Based on calibration of the Superdex 200 and 75 columns using protein size standards (GE 

Healthcare; Section 2.5.4), the estimated hydrodynamic radius of the purified proteins is 2-3 nm. 

Following size exclusion chromatography, fractions which contained the target protein 

were pooled and concentrated to 5–20 mg/ml and stored at 4 °C for two weeks maximum or 

immediately flash-cooled in liquid nitrogen and stored at –80 °C until further use. All 
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purifications were done at approximately 4 °C. Freshly-purified PEG10 CA-like and CA-CTD-

like were subject to crystallization trials, as detailed in the following section. Crystallization of 

PEG10 CA-NTD-like was not attempted because of its pronounced size heterogeneity 

 

Table 33: Buffers used for the purification of PEG10 CA-like, CA-NTD-like and CA-
CTD-like 
Lysis/IMAC wash buffer 30 mM Tris/HCL pH 8.0, 200-300 mM NaCl, 10 mM imidazole, 

2.5 mM βME 
IMAC elution buffer  12.5 mM Tris/HCl pH 8.0, 200-300 mM NaCl, 500 mM 

imidazole, 2.5 mM βME 
SEC and storage buffer 
 

20 mM tetra-sodium borate (pH 9.5), 150 mM NaCl, 0.5 mM 
sodium azide (NaN3), 0.25 mM TCEP-HCl, 1 mM EDTA 
OR 
20 mM citrate buffer (pH 5.4), 150 mM NaCl, 0.5 mM sodium 
azide (NaN3), 0.25 mM TCEP-HCl, 1 mM EDTA 
OR 
12.5 mM Tris/HCl (pH 8.0), 200 mM NaCl, 0.5 mM  
sodium azide (NaN3), 0.25 mM TCEP-HCl, 1 mM EDTA 

 

 
Figure 69: Size exclusion chromatography of PEG10 CA-like (pSJ553) on Superdex 200 resin (XK 
10/300 column) at acidic pH (pH 5.4). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for PEG10 
CA-like (22 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa). 
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Figure 70: Size exclusion chromatography of PEG10 CA-NTD-like (pSJ557) on superdex 200 resin (XK 
10/300 column). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for PEG10 
CA-NTD-like (13 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons (kDa). 
Purified protein migrates as a doublet of SDS-PAGE (inset), however the physical origin of this behavior was not 
investigated, as the aggregation of the molecule renders it unsuitable for further analysis. 

 

 
Figure 71: Size exclusion chromatography of PEG10 CA-CTD-like (pSJ642) on superdex 75 resin 
(XK 16/600 column). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for 
PEG10 CA-CTD-like (11 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in 
kilodaltons (kDa). 

 

5.14 Crystallization trials of PEG10 CA-like and CA-CTD-like 

Crystallization screening (see Section 2.5.7) was carried out using the vapor diffusion method in 

96 well plates, with liquid handling performed using the Cartesian HoneyBee nanolitre-

dispensing robot (Genome Solutions). The composition of the crystallization screens is given in 
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Appendices 1-6. The concentration of the protein in these screens was ~ 9 mg/ml for PEG10 

CA-like and 6.3 mg/ml for PEG10 CA-CD-like. Using the robotic system, 0.2 µL of protein was 

added to 0.2 µL of crystallization solution from mother liquor reservoir. Plates were then sealed 

with a transparent film (ClearSeal, Hampton Research) and incubated at 4ºC (RLK screens 2, 4 

and 6) or 18ºC (RLK screens 1, 3 and 5). No crystals of the PEG10 CA-like protein were 

produced. Numerous small crystals of CA-CTD-like were obtained at 18ºC in two conditions 

(Table 34). These crystals were too small for collection of X-ray diffraction data and could not 

be reproduced by subsequent screening.  

 

Table 34: Crystallization conditions of PEG10 CA-CTD-like (pSJ642) resulting from 
initial crystallization screens 

Screen Well Crystal Condition 
RLK Screen 5 B7 4 %(w/v) PEP* • 0.20 M MES/KOH pH 6.10 

RLK Screen 5 B11 16 %(w/v) PVP10** • 0.20 M MES/KOH pH 6.10 
*PEP= Pentaerythritol propoxylate (Sigma Aldrich 418749) 
**PVP10=Polyvinylpyrrolidone average molar mass 10,000 
 

5.15 Purification of PNMA1 MA-like, CA-like and CA-NTD-like 

Proteins were purified using IMAC and SEC (Section 5.13), following the procedure developed 

for the truncated PEG10 constructs. Figure 72, Figure 73 and Figure 74 show the SEC elution 

profiles of PNMA1 MA-like, CA-like and CA-NTD-like using Superdex 200 or Superdex 75 

resin in pH 9.5 SEC buffer. Based on column calibration, the estimated hydrodynamic radius of 

PNMA1 CA-like and CA-NTD-like is ~3 and 2 nm, respectively. The SEC profile of PNMA1 

MA-like shows multiple peaks suggesting that the preparation is not homogenous in size. Adding 

different additives (trehalose/L-Arginine/detergent) to the SEC buffer had no effect on this 

behavior. Fractions from SEC of CA-like and CA-NTD-like containing target protein were 

pooled and concentrated to ~ 8 mg/ml and immediately used for crystallization trials as 

previously described (Section 5.16). 
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Figure 72: Size exclusion chromatography of PNMA1 MA-like (pSJ563) on Superdex 200 resin (XK 
16/600 column). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for 
PNMA1 MA-like (18 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons 
(kDa). 

 

 
Figure 73: Size exclusion chromatography of PNMA1 CA-like (pSJ564) on Superdex 200 resin (XK 
16/600 column). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for 
PNMA1 CA-like (21 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons 
(kDa). 
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Figure 74: Size exclusion chromatography of PNMA1 CA-NTD-like (pSJ565) on Superdex 75 resin 
(XK 16/600 column). 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size for 
PNMA1 CA-NTD-like (11 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in 
kilodaltons (kDa). 

 

5.16 Crystallization trials of PNMA1 CA-like and PNMA1 CA-

NTD-like 

Crystallization screening was performed as previously described (Section 5.14). The 

concentration of PNMA1 CA-like in the initial screens was ~ 7.3 mg/ml and the majority of 

wells (~60-70 %) contained precipitate immediately after setting up the trays. PNMA1 CA-like 

crystals were observed in three different conditions (Table 35). The irregular morphology of 

PNMA1 CA-like crystals (Figure 75) from the initial screens indicated that further refinement 

(Section 5.16.1) was needed. 

The concentration of PNMA1 CA-NTD-like in the initial screens was 10.3 mg/ml. 

Crystals appeared within two weeks (conditions 4 and 6, Table 36) or two months (Conditions 5, 

Table 36). All PNMA1 CA-NTD-like crystals from this initial screen had a needle-like 

morphology. Because the protein was very soluble, and the majority of the trials resulted in no 

visible precipitate, the screening experiments were repeated with much higher concentrations of 

protein (36 and 180 mg/ml). At these higher concentrations more phase-separation and 

precipitate was observed, but no crystals formed. 
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Table 35: Crystallization conditions of PNMA1 CA-like resulting from initial 
crystallization screens 

Screen Well Crystal Condition Condition 
Number 

RLK Screen 1 B1-
B12 

5-26 %(w/v) PEG 8000 • pH 5.5-6.7 1 

RLK Screen 1 H4 0.3 M Malonic acid/KOH pH 5.5 • 0.1 M 
Succinic acid/KOH pH 5.5 

2 

Main-lab screen 1 B9 50 % Ethylene Glycol • 0.2 M MgCl2 0.1 M 
Tris/HCl pH 8.5 

3 

 

 
Figure 75: Representative image of PNMA1 CA-like (p564) crystals 
grown in initial screening from 5-26 %(w/v) PEG 8000, pH 5.5-6.7 

 

Table 36: Crystallization conditions of PNMA1 CA-NTD-like resulting from initial 
screening 

Screen Well Crystal Condition Condition 
Number 

RLK Screen 1 H6 1.5 M Malonic acid/KOH pH 5.5 • 0.1 M Malic 
acid/KOH pH 5.5 

4 

RLK Screen 3 H8 2.94 M Ammonium sulfate • 0.2 M Tris/HCl 
pH 7.9 

5 

RLK Screen 5 G1 pH 5.4 • 1.56 M NaH2PO4, 0.34 M K2HPO4 6 
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Figure 76: Crystals of PNMA1 CA-NTD-like protein obtained from initial crystallization screen. 

 

5.16.1 Fine screening of PNMA1 CA-like crystals  

All fine screening was manually performed in sitting drop format, using 24 well plates (Hampton 

Research). Drop sizes were 2 μL protein + 2 μL precipitant. A total of 18 fine screen 

experiments were set up. Crystallization under condition 3 (50 % ethylene glycol) could not be 

reproduced. However, crystallization under conditions 1 (4 °C) and 2 (18 °C) was reproducible 

and crystals were improved at reduced concentrations of both protein (~0.5-1 mg/ml) and 

precipitant. In the case of condition 1, improvement was also obtained by substituting PEG 

8000 with PEG 400 (Figure 77). The best crystals (in terms of morphology) were ultimately 

obtained using a protein concentration of 1 mg/ml and, 0.25-1.5 % PEG 400 (Condition 1) or. 

0.15-0.3 M malonic acid (condition 2) as the precipitant. Crystals were cryoprotected in various 

solutions (Table 37) and tested for X-ray diffraction (section 5.12.6.1.1). 

 

Table 37: Cryoprotectants used for freezing crystals of PNMA1 CA-like 
Precipitant Cryoprotectant 

PEG 400/8000 0.2M Succinic acid/KOH pH 5.5 
15 %(v/v) glycerol 
6 %(w/v) PEG 8000 

Malonic acid 0.025 M Malic acid/KOH pH 5.5 
1.95 M Malonic acid/KOH pH 5.5 
0.1 M Malic acid/KOH pH 5.6 
2.4 M Malonic acid/KOH pH 5.5 
10 % ethylene glycol 
0.1 M Malic acid/KOH pH 5.6 
2.7 M Malonic acid/KOH pH 5.5 
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Figure 77: Images of crystals of PNMA1 CA-like grown with Malonate (Condition 2, top) or PEG 400 
(Condition 1, bottom) as the precipitant. 
 

5.16.2 Data Collection of PNMA1 CA-like crystals 

Prior to data collection, crystals were transferred into cryo-protective solutions (Table 37), 

suspended in thin fiber loops, and flash-cooled by direct immersion in liquid nitrogen. X-ray 

diffraction data were collected by the oscillation method at the Australian Synchrotron (beamline 

MX2) on crystals maintained at 100 K in a cold gas stream. Data extended to ~ 4 Å resolution 

for the best crystals examined, from both tested conditions. Diffraction data were integrated and 

scaled using the program HLK2000 122. Effective cryo-protection was not achieved for either 

condition tested, and ice rings were evident on the oscillation images (Figure 78). This may 

reflect the situation at the time of flash freezing, or be the result of ice contamination during 

sample transport to the synchrotron. 
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Figure 78: An oscillation diffraction image from a PNMA1 CA-like crystal. 
Image was recorded using the Australian Synchrotron Beamline MX2. 

 

5.16.3 Data Analysis 

Diffraction data collected from crystals could be indexed on a primitive monoclinic lattice with 

approximately “hexagonal” cell dimensions (a ≅c; β≅120°, Table 38). It is noted that the crystals 

had a hexagonal morphology (Figure 77). However, the data could not be effectively indexed on 

a primitive hexagonal lattice. Analysis of systematic absences along the reciprocal lattice line 0k0 

showed that the crystal space group was P21. 

With the molar mass of the protein being 21,014 g/mol, calculation of the Matthews 

coefficient suggests that the asymmetric unit of the crystal is most likely to contain between 4 

and 8 subunits (corresponding to a Matthews coefficient of 3.74 - 1.87 Å3/g/mol and a solvent 

content of 67-34 %). This implies the presence of substantial non-crystallographic symmetry. 

The presence of non-crystallographic rotational symmetry can often be detected using the self-

rotation function. However, when the self-rotation function was calculated from the diffraction 

data using the program GLRF 298, only the expected features due to the 2-fold crystallographic 

rotational symmetry were observed, with the function otherwise featureless (not shown). 

Consistent with this observation, the Patterson function calculated from the diffraction data 
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contains a large off-origin peak at fractional coordinates {u,v,w} = {1/3, 1/2, 1/3} (Figure 79). 

This implies the presence of an even-fold NCS rotational symmetry axis parallel to the 

crystallographic 2-fold screw rotation, which would result in exact translational NCS. Hence the 

asymmetric unit of the crystal appears to contain at least a protein dimer, with the 2-fold axis of 

the dimer aligned with the crystallographic screw rotation. Alternatively, it could contain a 

protein tetramer or hexamer, similarly aligned. With a dimer alone in the asymmetric unit, the 

solvent content would be 83 %, which is very high, but not completely unprecedented 299. With 

some optimization, these crystals may provide a route to 3D structure determination, although 

the phase problem will need to be experimentally resolved. 

 

 
Figure 79: The Patterson function calculated from monoclinic crystals of PNMA1 (aa 155-330). 
The view is directly down the unique crystallographic axis, v, with the unit cell highlighted in yellow. In 
addition to the Patterson origin peak, at the vertices of the unit cell, large off-origin peaks occur at 
fractional coordinates {u,v,w} = {1/3, 1/2, 1/3}. 
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Table 38: Protein crystallization conditions, and statistics associated with X-ray 
diffraction data. 
 Condition 2 Condition 1 

Crystallization Condition 
Protein concentration (μM) 50 50 

Reservoir Solution 0.10 M Succinic acid/KOH pH 
5.5 
0.15 M Malonic acid/KOH pH 
5.5 

0.2 M Succinic acid/KOH pH 
5.5 
1.5 %(w/v) PEG 400 

Temperature (°C) 18 °C 4 °C 

X-ray diffraction data 
Cryoprotectant 0.025 M Malic acid/KOH pH 

5.5 
1.95 M Malonic acid/KOH pH 
5.5 
 

0.2M Succinic acid/KOH pH 
5.5 
15 %(v/v) glycerol 
6 %(w/v) PEG 8000 

Space group P21 P21 
Unit cell lengths (Å) and 
angles(°) 

a=105.7 ,b= 63.7, c= 106.2, β= 
118.4 

a=105.9 ,b= 67.9, c= 109.1, 
β=119.5 

X-ray source Australian Synchrotron 
Beamline MX2 

Australian Synchrotron 
Beamline MX2 

X-ray wavelength (Å) 0.95370 0.95370 
Sample Temperature (K) 100 100 
Data resolution limits (Å) a 31   - 4.10 (4.17  - 4.10) 36 -  4.00 (4.07  - 4.00) 
Number of unique 
observations a 

9990 (507) 11329 (418) 

Mean Redundancy a 3.6 (3.1) 3.5 (2.4) 
Completeness (%) a 98.9 (97.9) 97.4 (74.0) 
Rmeasure a 0.087 (0.474) 0.119 (0.909) 
Rmerge a 0.074 (0.394) 0.101 (0.726) 
Mean I / σI a 24 (4) 22.5 (0.6) 
a Numbers in parentheses are for the highest resolution shell. 
 

5.16.4 Fine screening of PNMA1 CA-NTD-like crystals  

PNMA1 CA-NTD crystals were highly reproducible however, clusters of needles or thin packed 

plates were the only morphology consistently observed. A 96 additive screen (Hampton) was set 

up using 7 mg/ml protein concentration as detailed in Section 2.5.7.1. One condition yielded 

potentially useful crystals (Figure 80 and Table 39). Unfortunately, no diffraction pattern was 

apparent when this crystal was tested. The crystal condition was also fine screened, with no 

success. Micro-seeding (Section 2.5.7.2) was used to try to improve crystals, with no success. 
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Figure 80: Needle-like crystals of PNMA1 CA-NTD-like grown under the conditions detailed in 
Table 39 

 

Table 39: Improved crystallization condition of PNMA1 CA-NTD-like resulting from 
additive screen 
Screen Well Crystal Condition Cryoprotectant 
Hampton’s 96 
additive screen 

C9 1.6 M Malonic acid/KOH pH 5.5 • 0.1 
M Malic acid/KOH pH 5.5 • 3 % 1,8-
diaminoctane 

4M Malonic acid/ 
NaOH pH 5.7 

 

5.17 Additional truncated PNMA1 variants  

All of the PNMA1 variants characterized in the previous section carried a non-cleavable poly-

Histidine tag at their C-terminus. As this could potentially impede crystallization, some further 

constructs were investigated in which: 

(1) The polyHistidine tag was moved to the N-terminus (plasmids 647 and 648) 

(2) A different, fully cleavable affinity tag was introduced – either MBP with an interleaving 

TEV protease cleavage site (plasmids 644 and 646) or a modified intein cleavable with addition 

of DTT (plasmid 645) 

(3) A non-cleavable and bulky MBP tag was introduced, such that downstream structural 

analysis of the uncleaved fusion protein could be performed 107 (plasmids 649 and 650) 
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Cloning of the additional plasmids for producing these proteins is detailed in Section Section 

2.3.3.3. Table 40 documents the target proteins and the results of expression and solubility 

testing. 

 

Table 40: Additional PNMA1 expression plasmids 

Plasmid 
identifier 

Truncated PNMA1 variant 

Expected 
protein size 

(kDa) Expressed 
(Y/N) 

Soluble 
(Y/N) with 

tag 
Tag-
less 

pSJ644 PNMA1 CA-like (154-330)  
+ N-terminal MBP tag 

62,366 19,949 Y Y 

pSJ645 PNMA1 CA-like (154-332)  
+ C-terminal intein tag 

48,122 20,252 Y Y 

pSJ646 PNMA1 CA-NTD-like (154-244) 
+ N-terminal MBP tag 

58,834 10,416 Y Y 

pSJ647 PNMA1 CA-CTD-like (245-330) 
+ N-terminal polyHistidine tag 

11,719 9,550 Y N 

pSJ648 PNMA1 CA-NTD-like (154-244) 
+ N-terminal polyHistidine tag 

12,454 10,416 Y Not tested 

pSJ649 PNMA1 CA-NTD-like (176-244) 
+ non-cleavable N-terminal MBP 
tag (pMALX-A)* 

48,300 - Y Y 

pSJ650 PNMA1 CA-NTD-like (154-244) 
+ non cleavable N-terminal MBP 
tag (pMALX-A) 

50,805 - Y Y 

*The confidence score of predicted secondary structure in the region between 154-176 of PNMA1 is low and that is 
why this construct has that region deleted (∆154-176) from the predicted PNMA1 CA-like region. 
 

5.17.1 Protein purification and crystallization trials 

Soluble proteins (as indicated in Table 40) were purified at large scale using affinity 

chromatography and SEC in similar fashion to previous sections. All purified proteins appeared 

fairly homogenous in size based on their SEC elution profiles (see e.g. Figure 81 and Figure 82). 

Purified proteins were easily concentrated (up to ~10 mg/ml for most proteins, and up to 150 

mg/ml for the non-cleavable MBP fusion proteins) using vivaspin concentrators (GE 

Healthcare) and crystallization screens were performed in identical manner to Section 5.14. Only 

needle-like crystals were obtained in several conditions, and were not useful for X-ray 

diffraction. To date, further fine screening and seeding have not resulted in useful crystals. 
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Figure 81: Size exclusion chromatography of MBP-tagged PNMA1 CA-NTD-like (176-244; pSJ649) 
on Superdex 200 16/600 column. 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size of the 
fusion protein (48 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons 
(kDa). Only one third of the usual amount was loaded into gel due to the high concentration and yield of 
protein. 

 

 
Figure 82: Size exclusion chromatography of PNMA1 CA-NTD-like (154-244; pSJ650) on Superdex 
200 16/600 column. 
Fractions analyzed by SDS-PAGE (figure inset) are highlighted in red. A band of the expected size of the 
fusion protein (51 kDa) is visualized by SDS-PAGE. M = protein molar mass standards in kilodaltons 
(kDa). Only one third of the usual amount was loaded into gel due to the high concentration and yield of 
protein. 
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5.18 Discussion and Conclusion 

 

This study provides some of the first in vitro characterization of mammalian proteins that are 

homologous to the retroviral Gag polyprotein. Four human proteins were selected for 

investigation, namely ARC, MAP1, PEG10 and PNMA1. Recombinant expression and 

purification of three of these proteins was achieved. Subsequent biochemical and biophysical 

analysis showed that the Gag homologs ARC, PEG10 and PNMA1 have retained some 

characteristics of their retroviral progenitors. At a basic organizational level, these Gag homologs 

are likely composed of a number of structural domains, separated by loosely structured linker 

sequences, as bioinformatics analysis had earlier suggested 72. The borders of some of these 

domains were further refined using limited proteolysis experiments, coupled with LC-MS. Some 

of the component domains were successfully purified and crystallized, effectively proving that 

these regions are ordered, however, their atomic structure has not been revealed yet. In addition, 

the Gag homologs studied all assemble into high mass species, which is the cardinal property of 

the retroviral Gag polyprotein and isolated CA domain. 

 

5.18.1 Bioinformatics and experimental evidence that ordered structural domains 

exist within the Gag homologs 

Based on in silico analysis, ARC, MAP1, PEG10 and PNMA1 all contain a CA-like region that is 

predicted to be ordered (Figure 42 and Figure 44). As the CA domain coordinates retroviral 

particle assembly (Chapters 3 and 4) this raises the possibility that the cellular function of these 

Gag-derived proteins is related to their ability to self-assemble. Conceivably the neo-

functionalized Gag homologs could have an organizational or scaffolding function, or could be 

involved in the confinement of metabolic or catabolic processes. Due to the very limited 

structural and biophysical analysis performed on these proteins to date, experimental 

investigation of their behavior was initiated. Limited proteolysis coupled with LC-MS was used 

as a structural and organizational probe of the Gag homologs. The identification of isolated 

protease-resistant CA-NTD-like and CA-CTD-like domains using this approach suggests a 

fundamental organizational similarity to retroviral CA (Figure 61). However, the flexibility of the 

interdomain linker, and the spatial relationship between the two domains remains unclear. The 

presence of a highly flexible linker was not evident using disorder predictions (Figure 44). The 

ordered nature of the domains was confirmed using crystallographic analysis, with the PNMA1 
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CA-like, PNMA1 CA-NTD-like and PEG10 CA-NTD-like domains all successfully crystallized 

(Sections 5.14 and 5.16). 

 

5.18.2 The Gag homologs assemble or aggregate into high mass species 

ARC, PEG10 and PNMA1 all assemble or aggregate into high mass species in solution. This was 

demonstrated using both DLS and SEC (Figure 52 and Figure 55). Although these assemblies 

have a particulate appearance when visualized by the electron microscope (Figure 56), they do 

not display the characteristic morphology and size of the immature VLPs that are readily formed 

by the retroviral Gag polyprotein (reviewed in 3). They do, however, show some similarities to 

the VLPs formed by retrotransposons - discussed further below. Some prior studies have 

suggested a propensity for aggregation or assembly by Gag-like proteins. PNMA1 has 60 % 

sequence identity with MAP1, which was earlier shown to self-associate by 

coimmunoprecipitation 268. ARC has also been shown to aggregate in vitro 300. 

The biological significance of this assembly is not clear yet, and it is not yet known if all 

Gag-like proteins exist as high mass species in vivo. The retroviral Gag polyprotein has been 

described as an “assembly machine” 222 and it seems reasonable to speculate that these neo-

functionalized Gag homologs may have retained and repurposed this ability to self-organize. A 

number of cellular roles might be envisaged for a self-organizing compartment. For example, 

some bacteria contain organelles or microcompartments consisting of a large virion-like protein 

shell encapsulating sequentially acting enzymes (for review see 301). These organized bacterial 

microcompartments (BMC) serve to enhance or protect key metabolic pathways inside the cell. 

Similarly, it is hypothesized that ARC’s self-oligomerization is used for spatial concentration of 

communicating proteins within neuronal sub-compartments 300. No similarity is evident between 

the BMC domain and any viral capsid proteins whose structures are presently known, although 

the building units of BMCs are hexameric, in common with many viral capsids. Bioinformatics 

analyses, including genomic context methods, suggest that bacterial microcompartments exist 

with a wide variety of metabolic functions. These analyses also revealed that other kinds of 

microcompartments, evolutionarily unrelated to the known BMC family, might also exist 

(reviewed in 302). Therefore, it is plausible that BMC proteins that are homologous to virus 

capsid proteins might be amongst those yet undiscovered. Recent research has shown that as a 

semi-permeable reaction chamber, the mature HIV-1 capsid is reminiscent of bacterial 

microcompartments. BMCs can function as a type of selective channel formed by a non-

membrane protein that is used to control metabolite movement between cellular compartments 
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303. For example, a subset of microcompartments, carboxysomes, contain positively charged 

amino acids that are thought to selectively transport bicarbonate and ribulose-1,5-bisphosphate 

over uncharged CO2 and O2 304. The mature HIV capsid hexamer has a size-selective pore about 

its six-fold axis and is bound by a ring of six arginine residues and a ‘molecular iris’ is formed by 

the amino-terminal β-hairpin 146. This makes the analogy of viral proteins to BMC proteins 

stronger. 

 

5.18.3 PNMA1 assembles into tubes 

Interestingly, under certain conditions PNMA1 will assemble into highly organized tubes, as 

visualized by EM (Figure 56.B and Figure 57.B and C). As documented in the second part of this 

thesis (Chapter 4) the retroviral capsid protein also readily assembles into tubes, with assembly 

acutely sensitive to the ionic composition of the buffer. PNMA1 mimics this behavior. PNMA1 

tubes were observed very sporadically when the purified protein was visualized by standard 

negative-stain TEM. However, adding a saturated ammonium molybdate solution to the purified 

protein - immediately prior to vitrification and observation by Cryo-EM - resulted in highly 

reproducible tube formation (Figure 57). PNMA1 tube formation is apparently very rapid, and 

must occur in the few seconds that elapse between mixing and vitrification. It would be 

interesting to investigate if other Gag homologs have the capability to assemble into tubes. If 

this turns out to be a unique property of PNMA1, then this might be playing a role in elucidating 

the paraneoplastic pathology. 

 

5.18.4 Gag-like particles resemble the VLPs of retrotransposons 

The hydrodynamic radii of purified ARC, PEG10 and PNMA1 assemblages range from ~ 9 to 

14 nm (Figure 52 and Figure 55). These sizes are comparable to the virus-like particles (VLPs) 

assembled by the Gag polyprotein of Ty1 and Ty3, which are the LTR-retrotransposons of 

Saccharomyces cerevisiae (known as the budding yeast). The radii of Ty1 and Ty3 VLPs range from 

15 to 30 nm 228,305. As observed by negative-stain EM, the protein shells appear as light 

spheroidal to ovoid rings with central lumen embedded in a dark area of stain 228,305-309. 

Interestingly, re-assembly of Ty1 VLPs from the 45 kDa p2 protein, which is the major 

component of the mature functional VLPs, resulted in a mixture of spherical and tubular 

structures. The tubular structures measure approximately 28 nm in diameter and a maximum of 

400 nm in length 310. Some analysis suggest that Ty VLPs (or some sub-population of these 
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particles) are icosahedrally symmetric and low-resolution three-dimensional reconstruction has 

been performed using Cryo-electron microscopy (228 and reviewed in 310). 

 The VLPs produced by the yeast Ty retrotransposons exhibit some pronounced 

morphological differences from orthoretroviral particles. Immature retrovirions have a highly 

characteristic appearance, displaying a distinct doughnut-shaped morphology in TEM, within 

which a striated heavily stained protein density is observed encircling the center of the viral 

particle (reviewed in 3). The average diameter of an immature retroviral particle ranges from 100 

to 200 nm. Thus, retroviral particles are substantially larger than the 30 to 40 nm Ty-VLPs. 

Overall, the particles generated by the mammalian Gag homologs appear more similar to the 

VLPs of retrotransposons than to retroviral virions. 

 

5.18.5 PEG10 binds to nucleic acids 

PEG10 binding to NA can be anticipated, due to the presence of a zinc-finger motif at the C-

terminus of the molecule, and was indeed clearly apparent during purification of the protein 

(Section 5.6). The retroviral-like zinc knuckles are found in many eukaryotic proteins involved in 

RNA or single-stranded DNA binding 311,312. For PEG10, binding has been suggested to be 

relatively specific for a particular DNA sequence (5*-GCCTGTCTTT-3*) on the promoter of 

the myelin-basic protein gene 246. This was shown by the enhanced binding affinity of the 

complex in comparison to PEG10 binding to an unrelated DNA. The recombinantly expressed 

PEG10 also binds efficiently to a single-stranded purine-rich sequence on the non-coding strand 

of the promoter 246. This is significant because in retroviruses, purine-rich sequences on the 

genomic viral RNA are important for retroviral Gag binding to genomic viral RNA during 

packaging 313. Consequently, this suggests that binding of PEG10 to NA may have maintained 

some of the essential aspects of its retroviral progenitor. Some families of transcription factors, 

which PEG10 is classified under, are known to bind to purine-rich regions. Therefore, this raises 

the possibility that cellular factors with retroviral-like zinc fingers have been anciently derived 

from retroviral Gag proteins. Detailed phylogenetic analysis would be required in order to test 

this hypothesis. 

 

5.18.6 Crystals of the PNMA1 CA-like domain have a pseudo-hexagonal cell 

Crystallographic analysis showed that the isolated CA-like region of PNMA1 packs into a lattice 

reminiscent of mature retroviral CA. The PNMA1 diffraction data are indexable using a pseudo-

hexagonal cell with a ≈ b ≈ 106 Å, c = 63 Å. This is very close to the basic dimensions of the 
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retroviral CA hexamer (a=b=93 Å, c=50 Å; see Figure 32) 49. However, the PNMA1 diffraction 

data does not display 6-fold rotational symmetry and belongs instead to the monoclinic crystal 

system, characterized by only 2-fold rotational symmetry. The assigned space group is P21. 

Hence it may be that the similarities in cell dimensions are merely circumstantial. Packing 

analysis indicates that 4 to 8 protein subunits are contained within the asymmetric unit of the 

crystal. Therefore, it is possible that the asymmetric unit may be composed of a “trimer-dimer” 

(a total of 6 subunits), resembling - but not exactly recapitulating - the retroviral CA hexamer 

which is the major building block of the mature retroviral core (Figure 7). Given the ability of 

full-length PNMA1 to assemble into tubes in vitro it seems likely that the building blocks of both 

the tube and 3D crystal will be the same. This speculation can only be confirmed through 

determination of the structure. 

 

5.18.7 Recent investigation of ARC reveals its structural relationship with the 

retroviral Gag protein 

While the work described in this thesis was being performed, two papers investigating Rat ARC 

emerged from other laboratories. In the first of these papers 240 a functional and structural 

analysis of ARC was reported, while the second paper investigated ARC’s solution behavior and 

aggregation properties 300. The crystal structures of ARC subdomains reported in the first paper 

240 are consistent with the findings reported in this thesis. The structures of the CA NTD-like 

(“N-lobe”) and CTD-like (“C-lobe”) domains of ARC were independently determined, and both 

closely resemble the CTD of retroviral CA, reinforcing the evolutionary relationship between 

these proteins 240. The paper does not indicate how the boundaries of the crystallized domains 

were determined, and does not illuminate the nature of the sequence linking the two domains, or 

their relative disposition. ARC contains nuclear export and import signals at strikingly similar 

positions to RSV Gag 234. The in vitro analysis of ARC’s solution behavior showed that it self-

aggregates, a property of ARC hypothesized to be used for spatial concentration of 

communicating proteins within neuronal sub-compartments 300. ARC’s aggregation appears 

reversible and dependent on both temperature and salt content 300. Myrum and colleagues 

(2015) also carried out some limited proteolysis experiments using trypsin and chymotrypsin to 

probe the organization of ARC. Their results appear different to those we have reported (Figure 

60). These differences could arise from variations in the extent or mode of aggregation, which 

would influence protease accessibility. Alternatively, the differences may be technical in nature, 
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reflecting for example differences in the efficiency or transfer of peptides into the gas phase, 

during mass spectral analysis. Regardless, their data support the presence of a proteolytic-

resistant fragment (~160 amino acids long) that roughly overlaps with a CA-like domain. Their 

proposed domain starts at residues ~218, which is internal to our proposed CA-NTD-like 

domain and ends at residue ~380. On the other hand, our trypsinization data suggests that the 

structured domain falls between residue numbers 136 and 396 (end of ARC; Figure 60). 

It is worth mentioning that due to divergent paths of evolution, only ARC orthologs in 

higher vertebrates interact with plasticity-related substrates through a hydrophobic binding 

pocket within the N-lobe of ARC, thus mediating regulation of synaptic strength 240. N-terminal 

differences in ARC orthologs in lower vertebrates suggests separate domestication events leading 

to a different functional path. For example, the ARC ortholog in insects is associated with stress-

induced behavior but not with learning and memory 314. Zhang et al (2015) have recognized a 

consensus sequence for ARC binding and identified several binding partners that include genes 

linked with schizophrenia. They have also shown that phenothiazine antipsychotics, medications 

used to treat schizophrenia and manifestations of psychotic disorders, can inhibit ARC N-lobe 

binding. This druggable effect can be further investigated and utilized for therapy, which raises a 

lot of hope for patients with ARC-associated neuropsychotic disorders. Emerging studies 

towards investigating ARC on the basis of its evolutionary origin and structural details provide a 

new scope for understanding ARC’s contribution to neural plasticity and disease. Similar 

investigations of the other Gag-like proteins would increase our understanding of their critical 

function and provide alternative solutions to the associated disorders.  

 

5.19 Future Work 

 

The research presented in this chapter has provided some insights into the basic organization 

and self-association of three human Gag homologs; ARC, PEG10 and PNMA1, and offers a 

platform for further investigation. Two directions immediately suggest themselves, as discussed 

below. 

 

5.19.1 Determining the structure of the PNMA1 CA-like region 

Most obviously, the structural analysis of the PNMA1 CA-like region must be completed. The 4 

Å resolution diffraction data already obtained is sufficient to determine the molecular packing 
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arrangement, and the disposition of the two domains, if the structure of the component NTD-

like or CTD-like domains were independently determined. This might be done by 

crystallographic analysis, or using solution NMR spectroscopy. 

Alternatively, optimization or chemical modification of the construct might improve the 

existing crystals or enable a new crystal form to be generated. For example, reductive 

methylation of the surface exposed lysine residues could be attempted, a procedure which is 

quick to perform and has frequently “rescued” uncrystallizable proteins 315. The exact 

boundaries of the CA-like region could also be refined, since the N- and C-termini of the 

domain were identified by limited proteolysis, and are likely to be flexible. This may well be 

impeding crystallization. 

 

5.19.2 Characterizing PNMA1 tubes 

The assembly of full-length PNMA1 into tubular forms is very reminiscent of the behavior of 

retroviral Gag proteins (for example 172,316,317) and the isolated CA (see Chapter 4 Discussion 

for references), and may well be linked to biological function. The tubes seem to be relatively 

well-organized, as a mesh-like network covering their surface is apparent in electron micrographs 

(Figure 56.B and Figure 57.B and C). The structural organization of the tubes should be further 

investigated using cryo-electron microscopy. Methods to promote tube assembly under low salt 

conditions need to be developed, as the high ammonium molybdate concentrations impede 

structural analysis of vitrified specimens. As documented for assembly of RSV CA in Chapter 4, 

systemic exploration of temperature, pH and ionic strength could well identify alternate 

conditions that promote assembly.  

Finally, assembly of PNMA1 tubes could be probed - using fluorescence labelling for 

example - to characterize and observe tube assembly in real time and understand its kinetics. A 

similar approach has been applied to monitor the mechanism of microtubule nucleation to 

mitotic spindle assembly 318. The interaction of labelled tubulin subunits has been visualized 

using Total Internal Reflection Fluorescence (TIRF) microscopy, which can be implemented on 

most high-performance confocal microscopes. 
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6 Chapter 6: Summary  

 
 

This thesis has presented structural studies on a retroviral Gag polyprotein and some of its 

mammalian homologs. The Gag polyprotein plays crucial roles in the replication cycle of 

retroviruses and LTR-retrotransposons. Likewise, Gag homologs drive essential biological 

phenomena in mammals, such as cognition, cell proliferation, apoptosis and embryogenesis. 

The X-Ray crystallographic analysis presented in Chapter 3 generated a model of the 

RSV Gag-Gag interactions that are critical to immature particle formation, confirming and 

extending previous structural work. The model provides a molecular explanation for 

heterogeneity of the immature retroviral particle. Results presented in Chapter 4 show that 

assembly of the mature RSV capsid is exquisitely sensitive to physical factors, namely 

temperature and ionic strength. Varying the temperature and neutral salt concentration 

profoundly changes the outcome of in vitro assembly experiments. At physiological temperature, 

pH and neutral salt concentration CA assembles into tubes built from CA hexamers, the major 

building block of the authentic capsid. A marked effect of temperature on CA assembly has not 

been observed for other retroviruses. To follow tube assembly in more detail, a turbidimetric 

assay was developed. Using this assay, it is shown that elevated temperature provides the trigger 

for CA tube assembly, at least in part by lowering the nucleation barrier, and hence the critical 

protein concentration that will support assembly. The altered assembly phenotype of CA surface 

charge-neutralization mutants confirms the critical role of electrostatics in capsid assembly. 

The successful heterologous expression of Gag homologs in E coli and their subsequent 

purification facilitated the in vitro analysis presented in Chapter 5. Although the mammalian Gag 

homologs studied appear to have been domesticated at an early point in our evolutionary history, 

many properties of Gag have been preserved. Principle among these is the ability to form 

particles which was evident from SEC, EM and DLS analysis. In addition, limited proteolysis 

coupled with MS suggested that Gag homologs have a domain architecture similar to the 

retroviral Gag polyprotein, supporting sequence-based inferences. Some of these subdomains 

were isolated and crystallized, though their molecular structures have not yet been determined. 

During the final revision of this thesis, two studies were published showing that ARC forms 

particles that appear to be involved in intracellular RNA transport 319-320. This, therefore, 
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confirms the importance of particle formation by ARC at the functional level. It appears likely 

that particle formation by other Gag-like proteins will also have biological relevance.  

. 
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Appendix 1: Crystallization screens formulations - RLK screen 1 (18ºC) 
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Appendix 2: Crystallization screens formulations - RLK screen 2 (4ºC) 
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Appendix 3: Crystallization screens formulations - RLK screen 3 (18ºC) 
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Appendix 4: Crystallization screens formulations - RLK screen 4 (4ºC) 
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Appendix 5: Crystallization screens formulations - RLK screen 5 (18ºC) 
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Appendix 6: Crystallization screens formulations - RLK screen 6 (4ºC) 
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be posted publicly by the awarding institution with DOI links back to the formal publications
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party re-use of these open access articles is defined by the author's choice of Creative
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Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
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with credit or acknowledgement to another source it is the responsibility of the user to
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Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
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represented as endorsing the use made of the work. The full details of the license are
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formal publication through the relevant DOI), provides a link to the license, indicates if
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reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
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works from the Article, to alter and revise the Article and to make commercial use of the
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Creative Commons Attribution License (CC BY)
This article is available under the terms of the Creative Commons Attribution License (CC BY).
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formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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Special Rightsholder Terms & Conditions
The following terms & conditions apply to the specific publication under which they are listed
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Permission type: Republish or display content
Type of use: Republish in a thesis/dissertation

TERMS AND CONDITIONS

The following terms are individual to this publisher:

None

Other Terms and Conditions:

STANDARD TERMS AND CONDITIONS

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for republication 
of one or more copyrighted works as described in detail on the relevant Order Confirmation (the “Work(s)”). Copyright 
Clearance Center, Inc. (“CCC”) grants licenses through the Service on behalf of the rightsholder identified on the Order 
Confirmation (the “Rightsholder”). “Republication”, as used herein, generally means the inclusion of a Work, in whole or 
in part, in a new work or works, also as described on the Order Confirmation. “User”, as used herein, means the person 
or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a 
particular Work, govern the terms of use of Works in connection with the Service. By using the Service, the person 
transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been duly 
authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User, and (b) shall 
inform User of all such terms and conditions. In the event such person is a “freelancer” or other third party independent 
of User and CCC, such party shall be deemed jointly a “User” for purposes of these terms and conditions. In any event, 
User shall be deemed to have accepted and agreed to all such terms and conditions if User republishes the Work in any 
fashion.

3. Scope of License; Limitations and Obligations.

3.1 All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the 
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and payment by User of 
the full amount set forth on that document includes only those rights expressly set forth in the Order Confirmation and in 
these terms and conditions, and conveys no other rights in the Work(s) to User. All rights not expressly granted are 
hereby reserved.

3.2 General Payment Terms: You may pay by credit card or through an account with us payable at the end of the month. 
If you and we agree that you may establish a standing account with CCC, then the following terms apply: Remit Payment 
to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291. Payments Due: Invoices are payable 
upon their delivery to you (or upon our notice to you that they are available to you for downloading). After 30 days, 
outstanding amounts will be subject to a service charge of 1-1/2% per month or, if less, the maximum rate allowed by 
applicable law. Unless otherwise specifically set forth in the Order Confirmation or in a separate written agreement signed 
by CCC, invoices are due and payable on “net 30” terms. While User may exercise the rights licensed immediately upon 
issuance of the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been 
issued, if complete payment for the license is not received on a timely basis either from User directly or through a 
payment agent, such as a credit card company.

3.3 Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is “one-time” (including the 
editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (iii) is subject to any 
and all limitations and restrictions (such as, but not limited to, limitations on duration of use or circulation) included in 
the Order Confirmation or invoice and/or in these terms and conditions. Upon completion of the licensed use, User shall 
either secure a new permission for further use of the Work(s) or immediately cease any new use of the Work(s) and shall 
render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the 
Work (except for copies printed on paper in accordance with this license and still in User's stock at the end of such 
period).

3.4 In the event that the material for which a republication license is sought includes third party materials (such as 
photographs, illustrations, graphs, inserts and similar materials) which are identified in such material as having been 
used by permission, User is responsible for identifying, and seeking separate licenses (under this Service or otherwise) 
for, any of such third party materials; without a separate license, such third party materials may not be used.

3.5 Use of proper copyright notice for a Work is required as a condition of any license granted under the Service. Unless 
otherwise provided in the Order Confirmation, a proper copyright notice will read substantially as follows: “Republished 
with permission of [Rightsholder’s name], from [Work's title, author, volume, edition number and year of copyright]; 
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permission conveyed through Copyright Clearance Center, Inc. ” Such notice must be provided in a reasonably legible 
font size and must be placed either immediately adjacent to the Work as used (for example, as part of a by-line or 
footnote but not as a separate electronic link) or in the place where substantially all other credits or notices for the new 
work containing the republished Work are located. Failure to include the required notice results in loss to the Rightsholder 
and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified 
in the Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

3.6 User may only make alterations to the Work if and as expressly set forth in the Order Confirmation.  No Work may be 
used in any way that is defamatory, violates the rights of third parties (including such third parties' rights of copyright, 
privacy, publicity, or other tangible or intangible property), or is otherwise illegal, sexually explicit or obscene.  In 
addition, User may not conjoin a Work with any other material that may result in damage to the reputation of the 
Rightsholder.  User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work and to 
cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.
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other tangible or intangible property.
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total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed the total 
amount actually paid by User for this license. User assumes full liability for the actions and omissions of its principals, 
employees, agents, affiliates, successors and assigns.

6. Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS”. CCC HAS THE RIGHT TO GRANT TO USER 
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER 
WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT 
LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL 
RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS OR OTHER 
PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER 
UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO 
GRANT.

7. Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of 
the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of the 
license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30 days of 
written notice thereof shall result in immediate termination of such license without further notice. Any unauthorized (but 
licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the 
Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is not terminated 
immediately for any reason (including, for example, because materials containing the Work cannot reasonably be 
recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of less than three 
times the Rightsholder's ordinary license price for the most closely analogous licensable use plus Rightsholder's and/or 
CCC's costs and expenses incurred in collecting such payment.

8. Miscellaneous.

8.1 User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these terms and 
conditions, and CCC reserves the right to send notice to the User by electronic mail or otherwise for the purposes of 
notifying User of such changes or additions; provided that any such changes or additions shall not apply to permissions 
already secured and paid for.

8.2 Use of User-related information collected through the Service is governed by CCC’s privacy policy, available online 
here:  http://www.copyright.com/content/cc3/en/tools/footer/privacypolicy.html.

8.3 The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may not assign or 
transfer to any other person (whether a natural person or an organization of any kind) the license created by the Order 
Confirmation and these terms and conditions or any rights granted hereunder; provided, however, that User may assign 
such license in its entirety on written notice to CCC in the event of a transfer of all or substantially all of User’s rights in 
the new material which includes the Work(s) licensed under this Service.

8.4 No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The 
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its principals, 
employees, agents or affiliates and purporting to govern or otherwise relate to the licensing transaction described in the 
Order Confirmation, which terms are in any way inconsistent with any terms set forth in the Order Confirmation and/or in 
these terms and conditions or CCC's standard operating procedures, whether such writing is prepared prior to, 
simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the Order 
Confirmation or in a separate instrument.

8.5 The licensing transaction described in the Order Confirmation document shall be governed by and construed under 
the law of the State of New York, USA, without regard to the principles thereof of conflicts of law. Any case, controversy, 
suit, action, or proceeding arising out of, in connection with, or related to such licensing transaction shall be brought, at 
CCC's sole discretion, in any federal or state court located in the County of New York, State of New York, USA, or in any 
federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in the Order 
Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.If 
you have any comments or questions about the Service or Copyright Clearance Center, please contact us at 
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Soumeya Jaballah <sjab787@aucklanduni.ac.nz>

Using an AIMS Biophysics figure in my Thesis

Professor Shouchuan Hu <editor@aimspress.com> 23 February 2018 at 16:35
To: Soumeya Jaballah <sjab787@aucklanduni.ac.nz>

Dear Soumeya,

 

Many thanks for your kind email.

 

AIMS Biophysics is a Open Access journal.

Please feel free to reuse the published content

by citing them properly.

 

Kind regards,

Dr. Shouchuan Hu

Director

AIMS Press-Reputed & Affordable Open Access Journals

P.O. Box 2604
Springfield, MO 65801, USA
Email: editor@aimspress.com
Phone & fax: 417-351-3204

http://www.aimspress.com/

 

 

From: Soumeya Jaballah [mailto:sjab787@aucklanduni.ac.nz]
Sent: 2018�2�22� 23:55
To: editor@aimspress.com
Subject: Using an AIMS Biophysics figure in my Thesis

Hello

I would like to use figure 1 from the following AIMS biophysics article:
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4593330/

Is the following link considered the "Copyright permission" I can provide to my University when I submit my
thesis? I need to provide the permission for each figure I am using in my thesis:
https://creativecommons.org/licenses/by/4.0/legalcode
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And is there a specific AIMS Biophysics method of attribution that I need to follow when I reference the
source of the figure in my figure legend?

The article is "an open access article distributed under the terms of the Creative Commons Attribution
License" as indicated in the link.

Regards,

Soumeya
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Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
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9. Warranties: Publisher makes no representations or warranties with respect to the licensed
material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
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Preprints:
A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal publications
on ScienceDirect.
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If you are affiliated with a library that subscribes to ScienceDirect you have additional
private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of the
formal submission can be posted publicly by the awarding institution with DOI links back to
the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
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details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal publications
on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
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private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of the
formal submission can be posted publicly by the awarding institution with DOI links back to
the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
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CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
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("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to
be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
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This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
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Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.
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License date Feb 26, 2018

Licensed Content Publisher Elsevier

Licensed Content Publication Journal of Molecular Biology

Licensed Content Title Functional domains of bacteriophage P22 scaffolding protein 1 1
Edited by W. Baumeister

Licensed Content Author Matthew H Parker,Sherwood Casjens,Peter E Prevelige

Licensed Content Date Aug 7, 1998

Licensed Content Volume 281

Licensed Content Issue 1
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Number of figures/tables
/illustrations

1

Format both print and electronic
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Elsevier article?
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Will you be translating? No

Original figure numbers Figure 7

Title of your
thesis/dissertation

Structural and Functional Analysis of a Retroviral Gag protein

Publisher of new work University of Auckland

Author of new work Richard Kingston
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1
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Publisher Tax ID GB 494 6272 12

Total 0.00 USD

Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
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material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
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A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional
uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for
their personal use
for private scholarly sharing as part of an invitation-only work group on
commercial sites with which Elsevier has an agreement

After the embargo period
via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

link to the formal publication via its DOI
bear a CC-BY-NC-ND license - this is easy to do
if aggregated with other manuscripts, for example in a repository or other site, be
shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal publications
on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
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private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of the
formal submission can be posted publicly by the awarding institution with DOI links back to
the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
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CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

Associating advertising with the full text of the Article
Charging fees for document delivery or access
Article aggregation
Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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(collectively "WILEY"). By clicking "accept" in connection with completing this licensing
transaction, you agree that the following terms and conditions apply to this transaction
(along with the billing and payment terms and conditions established by the Copyright
Clearance Center Inc., ("CCC's Billing and Payment terms and conditions"), at the time that
you opened your RightsLink account (these are available at any time at
http://myaccount.copyright.com).

Terms and Conditions

The materials you have requested permission to reproduce or reuse (the "Wiley
Materials") are protected by copyright.

You are hereby granted a personal, non-exclusive, non-sub licensable (on a stand-
alone basis), non-transferable, worldwide, limited license to reproduce the Wiley
Materials for the purpose specified in the licensing process. This license, and any
CONTENT (PDF or image file) purchased as part of your order, is for a one-time
use only and limited to any maximum distribution number specified in the license. The
first instance of republication or reuse granted by this license must be completed
within two years of the date of the grant of this license (although copies prepared
before the end date may be distributed thereafter). The Wiley Materials shall not be
used in any other manner or for any other purpose, beyond what is granted in the
license. Permission is granted subject to an appropriate acknowledgement given to the
author, title of the material/book/journal and the publisher. You shall also duplicate the
copyright notice that appears in the Wiley publication in your use of the Wiley
Material. Permission is also granted on the understanding that nowhere in the text is a
previously published source acknowledged for all or part of this Wiley Material. Any
third party content is expressly excluded from this permission.

With respect to the Wiley Materials, all rights are reserved. Except as expressly
granted by the terms of the license, no part of the Wiley Materials may be copied,
modified, adapted (except for minor reformatting required by the new Publication),
translated, reproduced, transferred or distributed, in any form or by any means, and no
derivative works may be made based on the Wiley Materials without the prior
permission of the respective copyright owner.For STM Signatory Publishers
clearing permission under the terms of the STM Permissions Guidelines only, the
terms of the license are extended to include subsequent editions and for editions
in other languages, provided such editions are for the work as a whole in situ and
does not involve the separate exploitation of the permitted figures or extracts,
You may not alter, remove or suppress in any manner any copyright, trademark or
other notices displayed by the Wiley Materials. You may not license, rent, sell, loan,
lease, pledge, offer as security, transfer or assign the Wiley Materials on a stand-alone
basis, or any of the rights granted to you hereunder to any other person.

The Wiley Materials and all of the intellectual property rights therein shall at all times
remain the exclusive property of John Wiley & Sons Inc, the Wiley Companies, or
their respective licensors, and your interest therein is only that of having possession of
and the right to reproduce the Wiley Materials pursuant to Section 2 herein during the
continuance of this Agreement. You agree that you own no right, title or interest in or
to the Wiley Materials or any of the intellectual property rights therein. You shall have
no rights hereunder other than the license as provided for above in Section 2. No right,
license or interest to any trademark, trade name, service mark or other branding
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("Marks") of WILEY or its licensors is granted hereunder, and you agree that you
shall not assert any such right, license or interest with respect thereto

NEITHER WILEY NOR ITS LICENSORS MAKES ANY WARRANTY OR
REPRESENTATION OF ANY KIND TO YOU OR ANY THIRD PARTY,
EXPRESS, IMPLIED OR STATUTORY, WITH RESPECT TO THE MATERIALS
OR THE ACCURACY OF ANY INFORMATION CONTAINED IN THE
MATERIALS, INCLUDING, WITHOUT LIMITATION, ANY IMPLIED
WARRANTY OF MERCHANTABILITY, ACCURACY, SATISFACTORY
QUALITY, FITNESS FOR A PARTICULAR PURPOSE, USABILITY,
INTEGRATION OR NON-INFRINGEMENT AND ALL SUCH WARRANTIES
ARE HEREBY EXCLUDED BY WILEY AND ITS LICENSORS AND WAIVED
BY YOU.

WILEY shall have the right to terminate this Agreement immediately upon breach of
this Agreement by you.

You shall indemnify, defend and hold harmless WILEY, its Licensors and their
respective directors, officers, agents and employees, from and against any actual or
threatened claims, demands, causes of action or proceedings arising from any breach
of this Agreement by you.

IN NO EVENT SHALL WILEY OR ITS LICENSORS BE LIABLE TO YOU OR
ANY OTHER PARTY OR ANY OTHER PERSON OR ENTITY FOR ANY
SPECIAL, CONSEQUENTIAL, INCIDENTAL, INDIRECT, EXEMPLARY OR
PUNITIVE DAMAGES, HOWEVER CAUSED, ARISING OUT OF OR IN
CONNECTION WITH THE DOWNLOADING, PROVISIONING, VIEWING OR
USE OF THE MATERIALS REGARDLESS OF THE FORM OF ACTION,
WHETHER FOR BREACH OF CONTRACT, BREACH OF WARRANTY, TORT,
NEGLIGENCE, INFRINGEMENT OR OTHERWISE (INCLUDING, WITHOUT
LIMITATION, DAMAGES BASED ON LOSS OF PROFITS, DATA, FILES, USE,
BUSINESS OPPORTUNITY OR CLAIMS OF THIRD PARTIES), AND WHETHER
OR NOT THE PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH
DAMAGES. THIS LIMITATION SHALL APPLY NOTWITHSTANDING ANY
FAILURE OF ESSENTIAL PURPOSE OF ANY LIMITED REMEDY PROVIDED
HEREIN.

Should any provision of this Agreement be held by a court of competent jurisdiction to
be illegal, invalid, or unenforceable, that provision shall be deemed amended to
achieve as nearly as possible the same economic effect as the original provision, and
the legality, validity and enforceability of the remaining provisions of this Agreement
shall not be affected or impaired thereby.

The failure of either party to enforce any term or condition of this Agreement shall not
constitute a waiver of either party's right to enforce each and every term and condition
of this Agreement. No breach under this agreement shall be deemed waived or
excused by either party unless such waiver or consent is in writing signed by the party
granting such waiver or consent. The waiver by or consent of a party to a breach of
any provision of this Agreement shall not operate or be construed as a waiver of or
consent to any other or subsequent breach by such other party.
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This Agreement may not be assigned (including by operation of law or otherwise) by
you without WILEY's prior written consent.

Any fee required for this permission shall be non-refundable after thirty (30) days
from receipt by the CCC.

These terms and conditions together with CCC's Billing and Payment terms and
conditions (which are incorporated herein) form the entire agreement between you and
WILEY concerning this licensing transaction and (in the absence of fraud) supersedes
all prior agreements and representations of the parties, oral or written. This Agreement
may not be amended except in writing signed by both parties. This Agreement shall be
binding upon and inure to the benefit of the parties' successors, legal representatives,
and authorized assigns.

In the event of any conflict between your obligations established by these terms and
conditions and those established by CCC's Billing and Payment terms and conditions,
these terms and conditions shall prevail.

WILEY expressly reserves all rights not specifically granted in the combination of (i)
the license details provided by you and accepted in the course of this licensing
transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment terms
and conditions.

This Agreement will be void if the Type of Use, Format, Circulation, or Requestor
Type was misrepresented during the licensing process.

This Agreement shall be governed by and construed in accordance with the laws of the
State of New York, USA, without regards to such state's conflict of law rules. Any
legal action, suit or proceeding arising out of or relating to these Terms and Conditions
or the breach thereof shall be instituted in a court of competent jurisdiction in New
York County in the State of New York in the United States of America and each party
hereby consents and submits to the personal jurisdiction of such court, waives any
objection to venue in such court and consents to service of process by registered or
certified mail, return receipt requested, at the last known address of such party.

WILEY OPEN ACCESS TERMS AND CONDITIONS
Wiley Publishes Open Access Articles in fully Open Access Journals and in Subscription
journals offering Online Open. Although most of the fully Open Access journals publish
open access articles under the terms of the Creative Commons Attribution (CC BY) License
only, the subscription journals and a few of the Open Access Journals offer a choice of
Creative Commons Licenses. The license type is clearly identified on the article.
The Creative Commons Attribution License
The Creative Commons Attribution License (CC-BY) allows users to copy, distribute and
transmit an article, adapt the article and make commercial use of the article. The CC-BY
license permits commercial and non-
Creative Commons Attribution Non-Commercial License
The Creative Commons Attribution Non-Commercial (CC-BY-NC)License permits use,
distribution and reproduction in any medium, provided the original work is properly cited
and is not used for commercial purposes.(see below)
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Creative Commons Attribution-Non-Commercial-NoDerivs License
The Creative Commons Attribution Non-Commercial-NoDerivs License (CC-BY-NC-ND)
permits use, distribution and reproduction in any medium, provided the original work is
properly cited, is not used for commercial purposes and no modifications or adaptations are
made. (see below)
Use by commercial "for-profit" organizations
Use of Wiley Open Access articles for commercial, promotional, or marketing purposes
requires further explicit permission from Wiley and will be subject to a fee.
Further details can be found on Wiley Online Library http://olabout.wiley.com/WileyCDA
/Section/id-410895.html

Other Terms and Conditions:

v1.10 Last updated September 2015

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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SPRINGER NATURE LICENSE
TERMS AND CONDITIONS

Mar 06, 2018

This Agreement between Soumeya Jaballah ("You") and Springer Nature ("Springer
Nature") consists of your license details and the terms and conditions provided by Springer
Nature and Copyright Clearance Center.

License Number 4303150276946

License date Mar 06, 2018

Licensed Content Publisher Springer Nature

Licensed Content Publication Nature

Licensed Content Title Dynamin self-assembles into rings suggesting a mechanism for
coated vesicle budding

Licensed Content Author Jenny E. Hinshaw, Sandra L. Schmid

Licensed Content Date Mar 9, 1995

Licensed Content Volume 374

Licensed Content Issue 6518

Type of Use Thesis/Dissertation

Requestor type academic/university or research institute

Format print and electronic

Portion figures/tables/illustrations

Number of figures/tables
/illustrations

1

High-res required no

Will you be translating? no

Circulation/distribution <501

Author of this Springer
Nature content

no

Title Structural and Functional Analysis of a Retroviral Gag protein

Instructor name Richard Kingston

Institution name University of Auckland

Expected presentation date Mar 2018

Portions Figure 1

Requestor Location Soumeya Jaballah
School of Biological Sciences
University of Auckland

Auckland, 10101
New Zealand
Attn: Soumeya Jaballah

Billing Type Invoice
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Billing Address Soumeya Jaballah
School of Biological Sciences
University of Auckland

Auckland, New Zealand 10101
Attn: Soumeya Jaballah

Total 0.00 USD

Terms and Conditions

Springer Nature Terms and Conditions for RightsLink Permissions
Springer Customer Service Centre GmbH (the Licensor) hereby grants you a non-
exclusive, world-wide licence to reproduce the material and for the purpose and
requirements specified in the attached copy of your order form, and for no other use, subject
to the conditions below:

The Licensor warrants that it has, to the best of its knowledge, the rights to license reuse
of this material. However, you should ensure that the material you are requesting is
original to the Licensor and does not carry the copyright of another entity (as credited in
the published version).

If the credit line on any part of the material you have requested indicates that it was
reprinted or adapted with permission from another source, then you should also seek
permission from that source to reuse the material.

1. 

Where print only permission has been granted for a fee, separate permission must be
obtained for any additional electronic re-use.

2. 

Permission granted free of charge for material in print is also usually granted for any
electronic version of that work, provided that the material is incidental to your work as a
whole and that the electronic version is essentially equivalent to, or substitutes for, the
print version.

3. 

A licence for 'post on a website' is valid for 12 months from the licence date. This licence
does not cover use of full text articles on websites.

4. 

Where 'reuse in a dissertation/thesis' has been selected the following terms apply:
Print rights for up to 100 copies, electronic rights for use only on a personal website or
institutional repository as defined by the Sherpa guideline (www.sherpa.ac.uk/romeo/).

5. 

Permission granted for books and journals is granted for the lifetime of the first edition and
does not apply to second and subsequent editions (except where the first edition
permission was granted free of charge or for signatories to the STM Permissions Guidelines
http://www.stm-assoc.org/copyright-legal-affairs/permissions/permissions-guidelines/),
and does not apply for editions in other languages unless additional translation rights have
been granted separately in the licence.

6. 

Rights for additional components such as custom editions and derivatives require additional
permission and may be subject to an additional fee. Please apply to
Journalpermissions@springernature.com/bookpermissions@springernature.com for these
rights.

7. 

The Licensor's permission must be acknowledged next to the licensed material in print. In
electronic form, this acknowledgement must be visible at the same time as the
figures/tables/illustrations or abstract, and must be hyperlinked to the journal/book's
homepage. Our required acknowledgement format is in the Appendix below.

8. 

Use of the material for incidental promotional use, minor editing privileges (this does not
include cropping, adapting, omitting material or any other changes that affect the meaning,
intention or moral rights of the author) and copies for the disabled are permitted under this
licence.

9. 
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Minor adaptations of single figures (changes of format, colour and style) do not require the
Licensor's approval. However, the adaptation should be credited as shown in Appendix
below.

10. 

Appendix — Acknowledgements:

For Journal Content:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication), advance
online publication, day month year (doi: 10.1038/sj.[JOURNAL ACRONYM].)

For Adaptations/Translations:
Adapted/Translated by permission from [the Licensor]: [Journal Publisher (e.g.
Nature/Springer/Palgrave)] [JOURNAL NAME] [REFERENCE CITATION
(Article name, Author(s) Name), [COPYRIGHT] (year of publication)

Note: For any republication from the British Journal of Cancer, the following
credit line style applies:

Reprinted/adapted/translated by permission from [the Licensor]: on behalf of Cancer
Research UK: : [Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL
NAME] [REFERENCE CITATION (Article name, Author(s) Name),
[COPYRIGHT] (year of publication)

For Advance Online Publication papers:
Reprinted by permission from The [the Licensor]: on behalf of Cancer Research UK:
[Journal Publisher (e.g. Nature/Springer/Palgrave)] [JOURNAL NAME]
[REFERENCE CITATION (Article name, Author(s) Name), [COPYRIGHT] (year
of publication), advance online publication, day month year (doi: 10.1038/sj.
[JOURNAL ACRONYM])

For Book content:
Reprinted/adapted by permission from [the Licensor]: [Book Publisher (e.g.
Palgrave Macmillan, Springer etc) [Book Title] by [Book author(s)]
[COPYRIGHT] (year of publication)

Other Conditions:

Version  1.0

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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ELSEVIER LICENSE
TERMS AND CONDITIONS

Jan 15, 2017

This Agreement between Soumeya Jaballah ("You") and Elsevier ("Elsevier") consists of
your license details and the terms and conditions provided by Elsevier and Copyright
Clearance Center.

License Number 4024810133474

License date Jan 09, 2017

Licensed Content Publisher Elsevier

Licensed Content Publication Trends in Genetics

Licensed Content Title Computational characterization of multiple Gag-like human proteins

Licensed Content Author Mónica Campillos,Tobias Doerks,Parantu K. Shah,Peer Bork

Licensed Content Date November 2006

Licensed Content Volume
Number

22

Licensed Content Issue
Number

11

Licensed Content Pages 5

Start Page 585

End Page 589

Type of Use reuse in a thesis/dissertation

Portion figures/tables/illustrations

Number of figures/tables
/illustrations

3

Format both print and electronic

Are you the author of this
Elsevier article?

No

Will you be translating? No

Order reference number

Original figure numbers Figure 1 and 2 and FigureS3,

Title of your
thesis/dissertation

Structural and Functional Analysis of a Retroviral Gag protein

Expected completion date Mar 2017

Estimated size (number of
pages)

200

Elsevier VAT number GB 494 6272 12

Requestor Location Soumeya Jaballah
School of Biological Sciences
University of Auckland

Auckland, 10101
New Zealand
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Attn: Soumeya Jaballah

Total 0.00 USD

Terms and Conditions

INTRODUCTION
1. The publisher for this copyrighted material is Elsevier.  By clicking "accept" in connection
with completing this licensing transaction, you agree that the following terms and conditions
apply to this transaction (along with the Billing and Payment terms and conditions
established by Copyright Clearance Center, Inc. ("CCC"), at the time that you opened your
Rightslink account and that are available at any time at http://myaccount.copyright.com).

GENERAL TERMS
2. Elsevier hereby grants you permission to reproduce the aforementioned material subject to
the terms and conditions indicated.
3. Acknowledgement: If any part of the material to be used (for example, figures) has
appeared in our publication with credit or acknowledgement to another source, permission
must also be sought from that source.  If such permission is not obtained then that material
may not be included in your publication/copies. Suitable acknowledgement to the source
must be made, either as a footnote or in a reference list at the end of your publication, as
follows:
"Reprinted from Publication title, Vol /edition number, Author(s), Title of article / title of
chapter, Pages No., Copyright (Year), with permission from Elsevier [OR APPLICABLE
SOCIETY COPYRIGHT OWNER]." Also Lancet special credit - "Reprinted from The
Lancet, Vol. number, Author(s), Title of article, Pages No., Copyright (Year), with
permission from Elsevier."
4. Reproduction of this material is confined to the purpose and/or media for which
permission is hereby given.
5. Altering/Modifying Material: Not Permitted. However figures and illustrations may be
altered/adapted minimally to serve your work. Any other abbreviations, additions, deletions
and/or any other alterations shall be made only with prior written authorization of Elsevier
Ltd. (Please contact Elsevier at permissions@elsevier.com). No modifications can be made
to any Lancet figures/tables and they must be reproduced in full.
6. If the permission fee for the requested use of our material is waived in this instance,
please be advised that your future requests for Elsevier materials may attract a fee.
7. Reservation of Rights: Publisher reserves all rights not specifically granted in the
combination of (i) the license details provided by you and accepted in the course of this
licensing transaction, (ii) these terms and conditions and (iii) CCC's Billing and Payment
terms and conditions.
8. License Contingent Upon Payment: While you may exercise the rights licensed
immediately upon issuance of the license at the end of the licensing process for the
transaction, provided that you have disclosed complete and accurate details of your proposed
use, no license is finally effective unless and until full payment is received from you (either
by publisher or by CCC) as provided in CCC's Billing and Payment terms and conditions.  If
full payment is not received on a timely basis, then any license preliminarily granted shall be
deemed automatically revoked and shall be void as if never granted.  Further, in the event
that you breach any of these terms and conditions or any of CCC's Billing and Payment
terms and conditions, the license is automatically revoked and shall be void as if never
granted.  Use of materials as described in a revoked license, as well as any use of the
materials beyond the scope of an unrevoked license, may constitute copyright infringement
and publisher reserves the right to take any and all action to protect its copyright in the
materials.
9. Warranties: Publisher makes no representations or warranties with respect to the licensed
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material.
10. Indemnity: You hereby indemnify and agree to hold harmless publisher and CCC, and
their respective officers, directors, employees and agents, from and against any and all
claims arising out of your use of the licensed material other than as specifically authorized
pursuant to this license.
11. No Transfer of License: This license is personal to you and may not be sublicensed,
assigned, or transferred by you to any other person without publisher's written permission.
12. No Amendment Except in Writing: This license may not be amended except in a writing
signed by both parties (or, in the case of publisher, by CCC on publisher's behalf).
13. Objection to Contrary Terms: Publisher hereby objects to any terms contained in any
purchase order, acknowledgment, check endorsement or other writing prepared by you,
which terms are inconsistent with these terms and conditions or CCC's Billing and Payment
terms and conditions.  These terms and conditions, together with CCC's Billing and Payment
terms and conditions (which are incorporated herein), comprise the entire agreement
between you and publisher (and CCC) concerning this licensing transaction.  In the event of
any conflict between your obligations established by these terms and conditions and those
established by CCC's Billing and Payment terms and conditions, these terms and conditions
shall control.
14. Revocation: Elsevier or Copyright Clearance Center may deny the permissions described
in this License at their sole discretion, for any reason or no reason, with a full refund payable
to you.  Notice of such denial will be made using the contact information provided by you. 
Failure to receive such notice will not alter or invalidate the denial.  In no event will Elsevier
or Copyright Clearance Center be responsible or liable for any costs, expenses or damage
incurred by you as a result of a denial of your permission request, other than a refund of the
amount(s) paid by you to Elsevier and/or Copyright Clearance Center for denied
permissions.

LIMITED LICENSE
The following terms and conditions apply only to specific license types:
15. Translation: This permission is granted for non-exclusive world English rights only
unless your license was granted for translation rights. If you licensed translation rights you
may only translate this content into the languages you requested. A professional translator
must perform all translations and reproduce the content word for word preserving the
integrity of the article.
16. Posting licensed content on any Website: The following terms and conditions apply as
follows: Licensing material from an Elsevier journal: All content posted to the web site must
maintain the copyright information line on the bottom of each image; A hyper-text must be
included to the Homepage of the journal from which you are licensing at
http://www.sciencedirect.com/science/journal/xxxxx or the Elsevier homepage for books at
http://www.elsevier.com; Central Storage: This license does not include permission for a
scanned version of the material to be stored in a central repository such as that provided by
Heron/XanEdu.
Licensing material from an Elsevier book: A hyper-text link must be included to the Elsevier
homepage at http://www.elsevier.com . All content posted to the web site must maintain the
copyright information line on the bottom of each image.

Posting licensed content on Electronic reserve: In addition to the above the following
clauses are applicable: The web site must be password-protected and made available only to
bona fide students registered on a relevant course. This permission is granted for 1 year only.
You may obtain a new license for future website posting.
17. For journal authors: the following clauses are applicable in addition to the above:
Preprints:
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A preprint is an author's own write-up of research results and analysis, it has not been peer-
reviewed, nor has it had any other value added to it by a publisher (such as formatting,
copyright, technical enhancement etc.).
Authors can share their preprints anywhere at any time. Preprints should not be added to or
enhanced in any way in order to appear more like, or to substitute for, the final versions of
articles however authors can update their preprints on arXiv or RePEc with their Accepted
Author Manuscript (see below).
If accepted for publication, we encourage authors to link from the preprint to their formal
publication via its DOI. Millions of researchers have access to the formal publications on
ScienceDirect, and so links will help users to find, access, cite and use the best available
version. Please note that Cell Press, The Lancet and some society-owned have different
preprint policies. Information on these policies is available on the journal homepage.
Accepted Author Manuscripts: An accepted author manuscript is the manuscript of an
article that has been accepted for publication and which typically includes author-
incorporated changes suggested during submission, peer review and editor-author
communications.
Authors can share their accepted author manuscript:

- immediately
via their non-commercial person homepage or blog
by updating a preprint in arXiv or RePEc with the accepted manuscript
via their research institute or institutional repository for internal institutional

uses or as part of an invitation-only research collaboration work-group
directly by providing copies to their students or to research collaborators for

their personal use
for private scholarly sharing as part of an invitation-only work group on

commercial sites with which Elsevier has an agreement
- after the embargo period

via non-commercial hosting platforms such as their institutional repository
via commercial sites with which Elsevier has an agreement

In all cases accepted manuscripts should:

- link to the formal publication via its DOI
- bear a CC-BY-NC-ND license - this is easy to do
- if aggregated with other manuscripts, for example in a repository or other site, be

shared in alignment with our hosting policy not be added to or enhanced in any way to
appear more like, or to substitute for, the published journal article.

Published journal article (JPA): A published journal article (PJA) is the definitive final
record of published research that appears or will appear in the journal and embodies all
value-adding publishing activities including peer review co-ordination, copy-editing,
formatting, (if relevant) pagination and online enrichment.
Policies for sharing publishing journal articles differ for subscription and gold open access
articles:
Subscription Articles: If you are an author, please share a link to your article rather than the
full-text. Millions of researchers have access to the formal publications on ScienceDirect,
and so links will help your users to find, access, cite, and use the best available version.
Theses and dissertations which contain embedded PJAs as part of the formal submission can
be posted publicly by the awarding institution with DOI links back to the formal publications
on ScienceDirect.
If you are affiliated with a library that subscribes to ScienceDirect you have additional
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private sharing rights for others' research accessed under that agreement. This includes use
for classroom teaching and internal training at the institution (including use in course packs
and courseware programs), and inclusion of the article for grant funding purposes.
Gold Open Access Articles: May be shared according to the author-selected end-user
license and should contain a CrossMark logo, the end user license, and a DOI link to the
formal publication on ScienceDirect.
Please refer to Elsevier's posting policy for further information.
18. For book authors the following clauses are applicable in addition to the above:  
Authors are permitted to place a brief summary of their work online only. You are not
allowed to download and post the published electronic version of your chapter, nor may you
scan the printed edition to create an electronic version. Posting to a repository: Authors are
permitted to post a summary of their chapter only in their institution's repository.
19. Thesis/Dissertation: If your license is for use in a thesis/dissertation your thesis may be
submitted to your institution in either print or electronic form. Should your thesis be
published commercially, please reapply for permission. These requirements include
permission for the Library and Archives of Canada to supply single copies, on demand, of
the complete thesis and include permission for Proquest/UMI to supply single copies, on
demand, of the complete thesis. Should your thesis be published commercially, please
reapply for permission. Theses and dissertations which contain embedded PJAs as part of the
formal submission can be posted publicly by the awarding institution with DOI links back to
the formal publications on ScienceDirect.
 
Elsevier Open Access Terms and Conditions
You can publish open access with Elsevier in hundreds of open access journals or in nearly
2000 established subscription journals that support open access publishing. Permitted third
party re-use of these open access articles is defined by the author's choice of Creative
Commons user license. See our open access license policy for more information.
Terms & Conditions applicable to all Open Access articles published with Elsevier:
Any reuse of the article must not represent the author as endorsing the adaptation of the
article nor should the article be modified in such a way as to damage the author's honour or
reputation. If any changes have been made, such changes must be clearly indicated.
The author(s) must be appropriately credited and we ask that you include the end user
license and a DOI link to the formal publication on ScienceDirect.
If any part of the material to be used (for example, figures) has appeared in our publication
with credit or acknowledgement to another source it is the responsibility of the user to
ensure their reuse complies with the terms and conditions determined by the rights holder.
Additional Terms & Conditions applicable to each Creative Commons user license:
CC BY: The CC-BY license allows users to copy, to create extracts, abstracts and new
works from the Article, to alter and revise the Article and to make commercial use of the
Article (including reuse and/or resale of the Article by commercial entities), provided the
user gives appropriate credit (with a link to the formal publication through the relevant
DOI), provides a link to the license, indicates if changes were made and the licensor is not
represented as endorsing the use made of the work. The full details of the license are
available at http://creativecommons.org/licenses/by/4.0.
CC BY NC SA: The CC BY-NC-SA license allows users to copy, to create extracts,
abstracts and new works from the Article, to alter and revise the Article, provided this is not
done for commercial purposes, and that the user gives appropriate credit (with a link to the
formal publication through the relevant DOI), provides a link to the license, indicates if
changes were made and the licensor is not represented as endorsing the use made of the
work. Further, any new works must be made available on the same conditions. The full
details of the license are available at http://creativecommons.org/licenses/by-nc-sa/4.0.
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CC BY NC ND: The CC BY-NC-ND license allows users to copy and distribute the Article,
provided this is not done for commercial purposes and further does not permit distribution of
the Article if it is changed or edited in any way, and provided the user gives appropriate
credit (with a link to the formal publication through the relevant DOI), provides a link to the
license, and that the licensor is not represented as endorsing the use made of the work. The
full details of the license are available at http://creativecommons.org/licenses/by-nc-nd/4.0.
Any commercial reuse of Open Access articles published with a CC BY NC SA or CC BY
NC ND license requires permission from Elsevier and will be subject to a fee.
Commercial reuse includes:

- Associating advertising with the full text of the Article
- Charging fees for document delivery or access
- Article aggregation
- Systematic distribution via e-mail lists or share buttons

Posting or linking by commercial companies for use by customers of those companies.
 
20. Other Conditions:
 
v1.9

Questions? customercare@copyright.com or +1-855-239-3415 (toll free in the US) or
+1-978-646-2777.
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