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Abstract…….
In order to better understand and combat retroviral infection, molecular
structures of complexes involved in the life cycle are required. Two important areas
of retroviral biology for such studies involve retrovirus assembly and host cell
restriction. During retroviral maturation, the gag polyprotein is processed by the
retroviral protease into the membrane-associated matrix protein (MA), the genomeassociated nucleocapsid (NC) and the capsid protein (CA) that forms the shell
surrounding the packaged viral genome. Whilst the structural organization of the
HIV-1 capsid is the best studied, structures of capsids of other retroviral genera are
important points of comparison. In addition, as a result past retroviral infections, the
human genome contains endogenous retroviruses (ERVs), that although cannot
transmit cell-to cell still assemble their CA into virus like particles. Here we present
structural studies of CA derived from the endogenous retrovirus HERV-K (HML-2)
that forms closed shell assemblies in vitro.
SAMHD1 is a dNTP triphosphohydrolase that has been shown to restrict of
HIV-1 infection in non-dividing myeloid-derived immune cells. SAMHD1 comprises
an N-terminal SAM domain and central HD domain and in its inactive apo-state,
exists in a monomer-dimer equilibrium. However, in the presence of GTP and
substrate dNTPs, SAMHD1 forms a catalytically active tetramer that previous
studies have shown can adopt multiple conformations. However, how these states
relate to SAMHD1 conformation in the catalytic cycle of a live reaction remains
unclear and furthermore, full-length structures of human SAMHD1 and role of the
SAM domain in regulation and catalysis remain unknown.
Recent advances in the field of electron cryo-microscopy now make it
possible to address both of these topics. Using electron cryo-microscopy, highresolution fullerene-like assemblies of mature HML-2 capsid have been resolved.
These maps reveal the basis for shell assembly and show how different
conformations adopted by CA proteins at quasi-equivalent interhexamer and
hexamer-pentamer interfaces generate the curved architecture of the shell. Cryomicroscopy studies of stabilised structures of the SAMHD1 probe the active
tetramer at high resolution. The structures reveal the position of the SAM domain in
the context of a catalytic tetramer and of bound substrates and allosteric activators,
revealing quaternary states representative of physiological conditions.
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Impact Statement
The research presented in this thesis looks to address two important
aspects of retrovirus biology: the assembly of retroviruses and how host cells
counteract retroviral infection. In both instances, these studies have benefitted
from the recent technical developments in the field of cryoEM which now allow
these questions to be answered by such techniques. In terms of retrovirus
assembly, the work here demonstrates new insights into the understanding of
how the retrovirus capsid assembles and the plasticity that occurs to allow for
such diverse morphologies. These structures also represent the first highresolution structure of any retroviral capsid which detail both hexamers,
pentamers and how they interface with each other. This study has provided
information to better understand the interactions which govern capsid assembly
and shows capsid hexamers to be more flexible structures than initially
proposed. In order to address retrovirus restriction, the work hear has focussed
on the HIV-1 restriction factor SAMHD1. SAMHD1 is a cellular enzyme
demonstrated to use dNTP triphosphohydrolase activity to restrict HIV-1
infection. This study has sought to provide new insights into its structural
arrangement and regulation during its catalytic cycle. By resolving structures of
full length SAMHD, these results demonstrate a putative role for the N-terminal
SAM domain whilst new tetramer structures bound to novel dNTP substrate and
dNTP analogues inhibitors help to address the question of which quaternary
states of SMAHD1 are physiological. Owing to the vital functional roles both
capsids and SAMHD1 plays in retroviral infection, it is hoped that a better
molecular understanding of both of these complexes can be applied to future
drug discovery projects in the treatment of retroviral infections. As SAMHD1
dysregulation has also been implicated in other pathologies, potential drug
discovery approaches here could have even more widespread therapeutic
benefit.
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Chapter 1 Introduction

Chapter 1.

Introduction

1.1 Retroviruses
Retroviruses are a family of positive-sense, single-stranded RNA viruses.
Their life cycle differs from that of other viruses in two unique ways. Firstly, their
genome undergoes a process called reverse transcription whereby a reverse
transcriptase (RT) enzyme encoded within the viral genome converts the viral
single-stranded RNA into double-stranded DNA. The second unique feature is
the ability for retroviruses to integrate this reverse transcribed DNA into the host
cell genome, resulting in permanent incorporation into the host and
longstanding infection.
Retroviral infections were first reported in avian species when the Avian
leucosis virus (ALV) and Rous sarcoma virus (RSV) were discovered to induce
disease in chickens (Rous, 1911, Ellermann, 1908). Subsequent findings
observed retroviruses to have similar effects in mouse species as well (Bittner,
1936, Gross, 1957). Despite the long history of studies on these viruses,
widespread interest in them did not take hold until the early 1983, when the
Gallo and Montagnier labs independently discovered a retrovirus, later to be
known a human immunodeficiency virus (HIV), was the causative agent of the
acquired immune deficiency syndrome (AIDS) pandemic (Gallo et al., 1983,
Barre-Sinoussi et al., 1983). Since then, enormous interest has grown towards
understanding the mechanisms of retroviral infection.
Further to reports of their roles in infection, more recent discoveries have
shown that mammals have a long-standing relationship with retroviruses, with
approximately 8% of the human genome comprised of what are known
endogenous retroviruses (ERVs) (Stocking and Kozak, 2008, Stoye, 2012).
Whilst the strongest wave of interest focussed around the AIDS epidemic of the
late 20th century, the implications of the roles ERVS have played in evolution
remains a great unknown and continues to fuel interest in ERVs retroviruses in
conjunction with the pursuit against infectious (exogenous) retroviruses.
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1.2 Retroviral Life Cycle
The retrovirus life cycle (Figure1.1) begins with specific receptor binding
between the surface glycoprotein (gp120) on the virus binding the CD4 receptor
of T lymphocytes, dendritic cells or macrophages. This binding leads to a
conformational switch in gp41 described above (section 1.2.5) allowing the
fusion peptide to insert into the host cell membrane and drive the formation of a
stable fusion pore through (White et al., 2008). Upon release of the viral capsid,
enzymes and genome into the host cell cytoplasm, the next process that is
undertaken is reverse transcription. Reverse transcription is a complex reaction,
involving polymerisation, RNAse H activity and DNA translocation in sequential
events. The end result of this reaction is the conversion of viral ssRNA into viral
dsDNA, flanked at both the 3’ and 5’ ends by U3-R-U5 long terminal repeat
(LTR) sequences (Hu and Hughes, 2012).
Reverse-transcribed viral DNA is trafficked into the nucleus and to viral
integration sites as part of a large nucleoprotein complex called the preintegration complex (PIC) which is comprised of NC, RT and integrase (I) Once
the PIC is trafficked into the nucleus, integrase can then form the tetrameric
strand-transfer complex and go about integrating the viral DNA into the host
genome using its three enzymatic activities: 3’-5; exonuclease activity on viral
cDNA, endonuclease activity on host cell dsDNA and finally ligase activity to
complete integration, creating a stable provirus (Craigie, 2012). Once
integrated, viral DNA is termed a provirus, and is subject to DNA replication in
the same manner as the host cell genome, leading to permanent infection of not
only the host cell but also any progeny through cell division. After integration,
transcription and translation of viral proteins and RNA genome is mediated
through the host cell machinery. An RNAP II recognised transcription promoter
site is found in the 5’ LTR and mRNA transcripts are capped and
polyadenylated in a similar fashion to host cell transcripts (Bolinger and BorisLawrie, 2009). Translation of viral mRNA takes place using both spliced and
16
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unspliced variants of viral transcripts. Unspliced viral mRNA is used in
translation of Gag and Pol as well as being exported from the nucleus for
packaging into budding virions. As Gag concentrations increase inside cells,
more unspliced mRNA is recognised and bound by Gag for subsequent virus
assembly (Anderson and Lever, 2006). Spliced mRNA is translated to produce
the gp160 glycoprotein by ribosomes bound to the ER. This allows for
subsequent incorporation into the ER for glycosylation followed by transport to
the Golgi for cleavage into gp41 and gp120 prior to assembly on the plasma
membrane (Stein and Engleman, 1990).
The final stages of the viral life cycle involve assembly, budding and
maturation of new virions. In order for this to happen, Gag must assemble
correctly in its immature form along with proper incorporation of the viral RNA
genome. As described in 1.4, the three major constituent parts of the gag
polyprotein, MA, CA and NC all play a role in virus assembly. The primary
function of MA is to ensure correct incorporation of Gag into the membrane
(Stein and Engleman, 1990). NC interactions with viral RNA are vital to its
encapsulation into the budding virion (Berglund et al., 1997) as well as playing a
role in oligomerisation of gag itself (Muriaux et al., 2004). Finally, the CA
domains of immature Gag, in particular the Ctds, have been shown to be key to
assembly of the budding virion (von Schwedler et al., 1998, von Schwedler et
al., 2003a). Following Gag assembly, the viral particle must be released from
the plasma membrane. This process is also dependent on host cell machinery
interacting with Gag, this time using a conserved region termed the late domain.
In HIV, the late domain is located in p6 and has been shown to recognise and
bind components of the vacuolar protein sorting (VPS) system. This ultimately
leads to formation of the ESCRT1 complex and subsequent budding of virions
from the plasma membrane (von Schwedler et al., 2003b, Morita and
Sundquist, 2004). The final stage of the retroviral life cycle is maturation,
whereby Gag and Gag-Pol are cleaved by the viral protease into their
constituent folded domains. This happens in an ordered manner. For example,
in HIV the first point of proteolytic cleavage is between sp2 and NC, followed by
17
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SP1 and p6, MA and CA and finally CA from SP2 (Sundquist and Krausslich,
2012). After cleavage, MA remains associated with the membrane whilst NC
condenses with the viral RNA genome. CA meanwhile, upon cleavage of SP2,
undergoes large structural re-arrangements to produce the characteristic
mature capsid lattice of hexamers and pentamers (Mattei et al., 2016, Mattei et
al., 2018).

Figure 1.1 Schematic of a retroviral life cycle

Schematic of the retroviral life cycle with key stages labelled. Rounded boxes are
known HIV-1 restriction factors drawn at the stages they are reported to act upon.
Labelled spheres represent viral structural proteins or HIV accessory proteins with
lines to indicate which restriction factors they act upon. Reproduced and adapted
from (Simon et al., 2015) with permission.
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1.3 Classification of Retroviruses
Retroviruses are broadly classified into seven genera. These are
lentiviruses, alpharetroviruses, betaretroviruses, gammaretroviruses,
deltaretroviruses, epsilonretroviruses (all orthoretroviruses) and
spumaretroviruses (Figure 1.2A). The orthoretroviruses sub-family is comprised
of the first six of these genera whilst spumaretroviruses are classified as a
separate sub-family (King, 2012). Whilst they possess a largely similar
structure, spumaviruses differ in a number of important aspects. For instance,
their Gag polyprotein is only minimally proteolytically processed when
compared to orthoretroviruses (Pfrepper et al., 1999).
Classification of the orthoretroviruses is based on a number of factors.
Although principally linked to phylogenetic analysis of the reverse transcriptase
gene, other features including overall virus morphology, genetic organisation
and the presence of additional genetic elements in the viral RNA all follow
similar patterns. Orthoretroviruses can be further subdivided based on the
complexity of their coding regions into simple and complex retroviruses.
Alpharetroviruses, betaretroviruses and gammaretroviruses are all classified as
simple retroviruses. This is owing to the fact that their genomes only encode
ORFs for gag pol and env genes. Alpharetroviruses are primarily avian borne
retroviruses such as Rous sarcoma virus (RSV) and Avian leucosis virus (ALV).
Betaretroviruses are predominantly primate viruses although some have been
found to infect sheep, and include Mason-Pfizer monkey virus (MPMV),
Jaagsiekte sheep retrovirus (JSRV). Finally, gammaretroviruses have been
identified in the form of murine leukaemia virus (MLV) and feline leukaemia
virus (FLV) (Weiss, 1996). The remaining three genera, deltaretroviruses,
epsilonretroviruses and lentiviruses are all examples of complex retroviruses
owing to the presence of one or several additional genes for regulatory
elements and accessory proteins. Examples of these viruses include Human Tcell leukaemia virus (HTLV, delta), Walleye dermal sarcoma virus (WDSV,
epsilon) and finally human and simian immunodeficiency viruses (SIV and HIV,
19
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lenti) which of all retroviruses these are the most characterised and possess the
largest number of additional encoded genes (Weiss, 1996).
Although the term simple retroviruses indicates the lack of additional
genes in their coding regions, some exceptions have been identified when
venturing away from exogenous retroviruses, such as mouse mammary tumour
virus (MMTV) and the K family of human endogenous retroviruses (HERV-K)
which also encode elements for rem (MMTV) (Mertz et al., 2005) and rec
(HERV-K) (Subramanian et al., 2011) respectively (as shown in Figure 1.2B).
Both of these retroviruses represent examples of endogenous retroviruses
which can also be classified into the same genera as exogenous retroviruses.
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Figure 1.2 Phylogenetic trees for exogenous and human endogenous
retroviruses

(A) Phylogenetic tree showing seven genera of retroviruses grouped by colour and
labelled. Reprinted with permission from (King, 2012). (B) Phylogenetic tree of
human endogenous retroviruses classified according to genera described for
exogenous. Inset with each class is a typical genome for ERVs of each genus.
Reproduced with permission from (van der Kuyl, 2012).
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1.4 Structure and Organisation of Retroviruses
1.4.1 Overall virion morphology
All retroviruses share a common architecture. Figure 1.3 shows the two
distinct arrangements: an immature form and a mature form. In both cases,
retroviruses are spherical, membrane-enveloped viruses coated in a surface
glycoprotein complex comprised of two elements: the transmembrane gp41 and
the trimeric surface receptor gp120. The structure of the virion within the
membrane is where differences are observed structurally. The immature form of
the virus possesses one long polyprotein comprised of the membrane-tethered
matrix protein (MA) the capsid protein (CA) and the nucleocapsid (NC) which
binds viral genomic RNA. In the mature virus, this polyprotein is cleaved into its
constituent elements as shown in Figure1.3. A more detailed description of the
maturation process and this cleavage is described in section 1.6. Finally, the
virus also contains several enzymes essential for infectivity: viral protease (PR),
integrase (IN) and reverse transcriptase (RT).
1.4.2 Genome organisation
The typical retroviral genome exists as a single strand of positive sense
single-stranded RNA (Mujeeb et al., 1998, Ly and Parslow, 2002). The genome
itself comprises of one major coding region, flanked on both the 5’ and 3’ ends
by several non-coding regions. These regions, although not responsible for viral
proteins, still play important functional roles in processes such as proviral
integration and binding of the viral RNA genome to an assembling virus (Casper
et al., 1998). Both the 5’ and 3’ end non-coding region contain a short, repeated
sequence. In addition, unique U5 and U3 sequence for the 5’ and 3’ end also
exist which are utilised in reverse transcription. Owing to the complex nature of
the reverse transcription process, these sequences end up being identically
repeated at both the 5’ and 3’ ends of proviral double-stranded DNA, with both
showing a U3-R-U5 sequence. These are termed long-terminal-repeats (LTRs)
(Li et al., 2015a).
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Figure 1.3 Schematic of a typical immature and mature retrovirus

Typical immature (left) and mature (right) retroviral structures. NC-nucleocapsid,
CANTD- capsid N-terminal domain, CACTD- capsid C-terminal domain, MA- matrix
protein, gp41/120-surface glycoproteins, RT- reverse transcriptase, IN- integrase,
PR- protease, RNA- viral RNA genome.

The coding region for all retroviruses is comprised of three primary
genes: gag, pol and env. The gag gene encodes sequences for all structural
proteins of the virus, with MA, CA and NC. Pol encodes sequence for the viral
enzymes: RT, IN and PR. Finally, env encodes glycoproteins that are presented
on the surface of retroviruses and function in receptor binding and fusion. Whilst
all retroviruses maintain these three genes in common, and in the same order
going from 5’ to 3’, the level of overlap between them, presence and position of
ribosomal frame shifts and number of ORFs differs between various classes of
retrovirus. In addition, complex retroviruses are distinguished by encoding
various accessory proteins (as seen in Figure1.4 for HIV) which play numerous
roles in promoting viral infectivity (King, 2012, van der Kuyl, 2012).

23

Chapter 1 Introduction

Figure 1.4 Genome architecture for HIV and HML-2

Single stranded RNA is depicted as a solid black line with constituent genetic
elements labelled. LTR- long terminal repeat regions, pbs- primer binding site and
ppt- polypurine tract. Small vertical ticks on line define the coding-regions for each
genome. Open reading frames (ORFs) are depicted as white boxes and genes
labelled accordingly. Coding regions belonging to the same ORF are depicted on
the same line. Dotted lines indicated spliced introns for certain gene products. The
coloured boxes drawn below each genome show an expanded view of the Gag
polyprotein, with each of the constituent proteins labelled and coloured (separate
colours for capsid Ntd and Ctd). Grey regions represent unstructured spacer
peptides that also exist in each Gag polyprotein.

1.4.3 Gag
The core proteins produced throughout retroviruses are encoded for by
the gag, pol and env genes. The first of these genes, gag, is responsible for
producing the proteins that form the structure of the virus: MA, CA and NC. In
addition to these three proteins, some retroviral gag genes also encode for
additional proteins, such as p6 in HIV or p15 in certain b-retroviruses. In HIV, p6
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has been implicated in viral release through recruitment of the ESCRTIII
machinery(Meng and Lever, 2013), whilst the role of p15 for b-retrovirus
infection remains unclear.
Before maturation, MA (the N-terminal protein of the gag polyprotein) is
responsible for localisation and tethering of gag to the plasma membrane at the
site of budding virions (Chukkapalli and Ono, 2011). MA is a 104 amino-acid
protein comprising five alpha helices and a single, three-stranded beta sheet
(Massiah et al., 1994, Hill et al., 1996) . Central to its function is an N-terminal
myristoylation site which must be myristoylated in order for MA to successfully
tether to membrane (Bryant and Ratner, 1990, Gottlinger et al., 1989). Further
to the requirement for myristoylation, MA has been shown to be highly specific
for acidic phospholipids such as phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P2), a lipid found in high abundance on the plasma membrane
compared to organelle membranes of the ER or Golgi complex (Chukkapalli et
al., 2010, Saad et al., 2006). In addition, MA has also been demonstrated to
bind residues in the cytoplasmic tail of the gp41 glycoprotein from env,
suggesting a mechanism of localisation of gag to the host cell plasma
membrane (Cosson, 1996). In addition to membrane contacts, MA has also
been implicated in binding to viral integrase in a phosphorylation dependent
manner, also facilitating the nuclear import of reverse transcribed viral cDNA
prior to provirus formation (Bukrinsky et al., 1993, Jayappa et al., 2012).
The central, largest folded domain within the Gag polyprotein is the capsid
protein (CA). The mature, monomeric orthoretroviral CA consists of two
independent folded domains, the N-terminal domain (CANTD) and the C-terminal
domain (CACTD) connected by a flexible linker. Retroviral capsids display poor
sequence homology across the family, except for a sequence of approximately
twenty amino acids in the CTD called the major homology region (MHR)
(Bishop et al., 2001). Although the precise function of the MHR remains
unclear, disruption of this sequence has been shown to interfere with virus
production and infectivity (Mammano et al., 1994, Provitera et al., 2001).
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Following proteolytic cleavage of gag by the viral protease, the capsid protein
forms a highly ordered lattice of hexamers and pentamers displaying fullerene
geometry (Briggs et al., 2003), supplemented with twelve pentamers, essential
for providing additional curvature to close of fullerene lattices (Caspar and Klug,
1962). Whilst these capsids have been shown to display differing morphologies
across the retroviral family, all are assembled from hexamers combined with
exactly twelve pentamers (Ganser-Pornillos et al., 2004). Retroviral capsid
proteins have been shown to be of functional importance in many aspects of the
retroviral life cycle. The primary task of the assembled capsid is to facilitate the
transport of the viral genome through the host cell cytoplasm towards the
nucleus. Initially it was believed that upon entry into the host cell, the retroviral
capsid dissociated relatively quickly in the cytoplasm. However, studies linking
the stability and importance of capsid to other roles including reverse
transcription and nuclear import suggest that this uncoating process may not be
an instantaneous event post entry (Forshey et al., 2002, Dismuke and Aiken,
2006, Hulme et al., 2011, Yang et al., 2013). Furthermore, studies showing the
interaction of CA with nuclear pore proteins have also given rise to the idea that
these shells continue to serve a role at the point of nuclear entry (Arhel et al.,
2007).
The C-terminal region of gag contains nucleocapsid NC, a small protein
with a Zn2+ binding domain which has important functions in virus assembly. In
the immature gag, the N-terminal zinc finger domain promotes dimerization of
the viral genomic RNA and subsequent recruitment of the genome to the
assembling virus (Berglund et al., 1997). As such, regions of NC have also
been demonstrated to be important for the multimerisation of gag itself (Muriaux
et al., 2004). Finally, NC has also been implicated in post-entry phases of the
retroviral life cycle as well, including in localisation of tRNA primers to the
appropriate binding region to initiate reverse transcription (Remy et al., 1998).
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1.4.4 Pol
The pol gene encodes the core retroviral enzymes required for infectivity:
reverse transcriptase (RT), integrase (I) and viral protease (PR). RT is a
heterodimeric protein, with each subunit displaying a different enzymatic activity
critical for reverse transcription. The N-terminal region possesses DNA
polymerase activity capable of recognising both RNA and DNA as a template
and exploiting host cytoplasmic dNTP pools as a substrate. The C-terminal
subunit, by comparison, possesses RNAse H activity which is used to degrade
the RNA that forms an RNA/DNA duplex during intermediate stages of reverse
transcription (Tanese and Goff, 1988, Hu and Hughes, 2012). Once dsDNA has
been synthesised by RT, integrase can then perform its task of integrating the
now viral DNA (provirus) into the host cell genome. Integrase has three
enzymatic activities that it utilises to achieve this: firstly a 3’-5’ exonuclease
activity which removes the final two bases at the 3’ end of each viral reversetranscribed DNA strand. Secondly, integrase utilises endonuclease activity to
cleave the host cell genome at integration sites. Finally, ligase activity of
integrase is used to anneal viral DNA to the host genome, creating a
transcriptionally active provirus which can be maintained through cell division
(Craigie, 2012). Structural studies of various integrases from retroviruses have
shown that they all possess a consistent strand-transfer complex comprised of
a tetramer of integrase proteins, with differing numbers of additional integrase
subunits serving regulatory roles between various genera of
retrovirus(Ballandras-Colas et al., 2016, Ballandras-Colas et al., 2017, Passos
et al., 2017). The final viral enzyme, PR, is and aspartyl protease which cleaves
the Gag-Pol polyproteins into their constituent elements post-translationally
either during virus assembly or during viral maturation. PR acts as a dimer, with
dimersiation dependent on substrate binding. Therefore, in order to perform
proteolysis, two copies of Gag-Pol must be bound in order for PR to be active
(Pettit et al., 2004).
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1.4.5 Env
The env gene encodes all the protein elements that form the surface
glycoproteins for retroviruses. The gp160 polyprotein translated from env,
gp160, is glycosylated with N-linked glycans in the endoplasmic reticulum prior
to cleavage into its two constituent elements in the Golgi complex: gp41 (the
transmembrane region) and gp120 (the surface glycoprotein) (Stein and
Engleman, 1990). These two glycoproteins remain non-covalently linked after
cleavage and are transported to the plasma membrane where they are
incorporated and presented on the surface as a trimeric complex. Upon contact
with target cells, gp120 is responsible for receptor binding to host cell CD4
receptors. Additional chemokine co-receptors, CCR5 and CXCR4, have also
been identified as part of the HIV entry and fusion process. The gp120/gp41
spike glycoprotein is an example of a class one membrane fusion protein
(White et al., 2008), and upon co-receptor binding, gp41 undergoes a major
conformational shift, forming a six-helix coiled-coil structure and exposing the
N-terminal fusion peptide for binding the host cell membrane to initiate
membrane fusion (Gallo et al., 2003, Markosyan et al., 2003).

1.5 Endogenous Retroviruses
1.5.1 Origins and identification
Whilst a fair amount of information is known about the infectivity and life
cycle of infectious (exogenous) retroviruses, another, far larger group of
retroviruses exist known as endogenous retroviruses (ERVs). These
retroviruses represent genetic elements which strongly resemble proviruses
from exogenous retroviruses. In fact, they are a remnant of an ancient
exogenous retroviruses whose genomes has since been inherited through the
germline. Taken all together, sequences corresponding to ERVs encode
approximately 8% of the human and mouse genomes (Mager and Stoye, 2015).
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1.5.2 HERV-Ks and HML-2
The HERV-K family of human endogenous retroviruses was first
discovered through the isolation of DNA sequences bearing a high level of
similarity to MMTV (Callahan et al, 1985) and further characterised in 1986
through the discovery of a full HERV proviral sequence showing no premature
stop codons, which was termed HERV-K10 (Ono et al., 1986).The term HML-2,
or human endogenous MMTV like virus 2, was introduced in 1993 when further
sequences showing similarity to MMTV and HERV-K10 were amplified and
characterised into 6 distinct groups (HML1-6). (Medstrand and Blomberg,
1993). It was in this same study that the HER-K/HML endogenous retroviruses
were identified as belonging to class 2, or Beta-retrovirus like subgroup.
Whilst nearly all cases of ERVs show an array of mutations that
essentially render them non-infectious and, in most cases, non-expressed,
HML-2 represents a remarkable exception to this. HML-2 represents the only
HERV which still possesses complete open-reading frames across its entire
genome which are still capable of coding for viable transcripts for viral protein
production. In fact, transcripts and proteins from HML-2 ORFs have been
detected in healthy human tissues (Ehlhardt et al., 2006), embryonic stem cells
(Fuchs et al., 2013) and in malignant cancer cells (Buscher et al., 2006) from
human patients. HML-2 is also capable of producing a full-length gag transcript
and subsequent 169kDa Gag-Pol polyprotein akin to HIV, which has been
shown to be capable of undergoing full proteolytic cleavage (Garcia-Montojo et
al., 2018).
Furthermore, HML-2 has also been shown to form virus-like-particles
(VLPs) which have been detected in certain cancer cells including, most
notably, melanomas (Lower et al., 1984, Buscher et al., 2005, Schmitt et al.,
2013). For the most part, these VLPs were concluded to be non-infectious albeit
more abundant in the melanomas. However, generation of a consensus
sequence of HML-2 from various proviruses showed that HML-2 was capable of
producing infectious VLPs (Dewannieux et al., 2006) capable of delivering
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specifically inserted reporter genes into target cells in a manner akin to
retroviral infection (Lee and Bieniasz, 2007). All known proviruses of HML-2
have at least one defect in one gene rendering them not fully-infectious (GarciaMontojo et al., 2018). However, it is not yet clear whether this relative lack of
mutation rate is due to selective evolutionary pressure or if it is simply down to
HML-2 being the most recently incorporated HERV, with time ultimately the
factor in further inactivating it.
1.5.3 Implications in disease
Endogenous retroviruses, and HML-2 in particular, have been associated
with several disease pathologies, ranging from certain cancers to neurological
diseases and also implicated with HIV infection. Retroviral roles as causative
agents and amplifiers of cancer has been known since Rous’s discovery of RSV
(Rous, 1911). In addition, HTLV and MMTV, as their names would suggest, are
also causative agents of cancer in humans and mice respectively.
Approximately 7% of adults with HTLV-1 have developed T-cell lymphomas
(Watanabe, 2017). Further to cancer, neurological diseases were linked to
HML-2 activity. Gene products from gag, pol and env were identified in brain
tissue of ALS patients the same products were not discovered in patients with
Parkinson’s (Douville et al., 2011, Li et al., 2015b).
Finally, HML-2 has been linked to HIV infection in several studies. It has
been known for a while now that HIV infection has led to increases of mRNA
from HML-2 proviruses (Contreras-Galindo et al., 2007, Lee and Bieniasz,
2007, Bhardwaj et al., 2014) However, to this day it remains unclear whether
HML-2 interacts with HIV in a permissive or restrictive manner to HIV infection
(Garcia-Montojo et al., 2018). Antibodies specific to HML-2 have been identified
in blood of HIV-infected patients. However, this is also true for a specific group
of individuals who can control HIV replication without treatment (Michaud et al.,
2014). In addition, it has also been suggested that HIV can utilise functional
HML-2 proteins such as HML-2 integrase, which has been shown to recognise
HIV-1 :LTRs (Kitamura et al., 1996), suggesting a potential substitution
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mechanism for defective HIV-1 integrase. Finally, HML-2 Gag polyprotein has
also been show to co-assemble with HIV Gag in vitro (Monde et al., 2012)
(Monde et al., 2017) and led to reduced particle release. However, suggestions
of co-assembly for HIV and HML-2 have yet to shown in vivo and so it remains
unclear whether this mechanism helps or hinders retroviral infection (GarciaMontojo et al., 2018).
Whilst answers as to HM2’s precise function in disease remains unclear,
the implications of HERVs in such a variety of pathologies makes them
increasingly important and interesting targets, not least as potential auxiliary
therapeutic targets where attempts to target primary pathogens has yet to
succeed.

1.6 Capsids
The biggest of the structured domains formed from proteolytic cleavage of
the Gag polyprotein is the capsid (CA) protein. The protein itself is composed of
two major folded domains, the N-terminal domain (Ntd) and the C-terminal
domain (Ctd) connected by a flexible linker (Figure 1.5A). The two separate
folded domains share strong structural homology across all retroviruses,
suggesting a conserved functional role in assembly despite the relatively low
sequence homology. In addition to the conserved structural elements, one
region of relatively high sequence homology, termed the major homology region
(MHR) has also been identified through comparison of several sequences for
retroviral gag (Clish et al., 1998, Bishop et al., 2001). Whilst structures have
demonstrated residues involved in the MHR to be involved in specific interfaces
(Bailey et al., 2009), an understanding of the role of the MHR remains unclear.
1.6.1 CA hexamer and pentamer structure
Many structural studies have been carried out on both the immature and
mature capsid protein to discover how it assembles. These have involved
structures of individual monomers, pentamers and hexamers by X-ray
crystallography as well as CryoEM approaches (single-particle, helical
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reconstruction and sub-tomogram averaging) on either reconstituted
assemblies of CA in vitro or on CA lattices within virions. Much of the focus has
been on the HIV capsid, with several structures showing the molecular basis for
hexamer formation from X-ray studies (Howard et al., 2003, Pornillos et al.,
2009). In addition, hexamer structures of N-terminal domains have also been
solved for other lentiviruses, including Feline Immunodeficiency virus (FIV) and
an endogenous lentivirus (RELIK) (Khwaja et al., 2016, Goldstone et al., 2010),
as well as for a-retroviruses (RSV) (Kingston et al., 2000), b-retroviruses
(MPMV & JSRV) (Mortuza et al., 2009, Macek et al., 2009), g-retroviruses
(MLV) (Mortuza et al., 2004) and d-retroviruses (BLV) (Obal et al., 2015).
Together, these structures reveal the basis for assembly of this oligomeric
states centre around a tight network of a-helices (1-3) from each monomer,
forming an 18-helix bundle that interacts to form the hexamer. However, whilst
these structures all show structural consistency in the helices involved in
interactions, the extent of side-chain specific interactions differs between
species. In cases such as HIV (Pornillos et al., 2009) and BLV (Obal et al.,
2015), a network of solvent-exposed, water-mediated hydrogen bonds have
been proposed as the interface between neighbouring Ntds whilst in other
cases, such as MLV (Mortuza et al., 2004), far fewer direct contacts have been
observed. Structures of full-length mature capsid hexamers (Pornillos et al.,
2009, Jacques et al., 2016) have also shown stabilising interactions between
Ntds and Ctds from neighbouring monomers. For example, in HIV full-length CA
hexamers, contacts have been observed between the backbone at the base of
a3-4 (G60 and A64) to polar side chains found on a8 (K170 and D166
respectively).
1.6.2 HIV Capsid assemblies
CryoEM based approaches to resolving the structures of retroviral
capsids have focussed either on helical processing of polymerised tubes of CA
(Liu et al., 2016)(Zhao et al., 2013) or through electron cryo-tomography
(cryoET) and sub-tomogram averaging applications (Bharat et al., 2012, Schur
et al., 2015, Schur et al., 2016, Mattei et al., 2016). These structures have
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provided valuable information in understanding overall capsid architecture. For
example, they have shown hexamers of HIV to have a curved morphology (Liu
et al., 2016, Mattei et al., 2016), not flat discs that previous X-ray structures had
suggested. In addition, they have allowed the structure of HIV lattices to be
resolved in situ, with the HIV in virion structures revealing the switching that
occurs between pentamer and hexamer interfaces (Mattei et al., 2016) without
the need to introduce stabilising cross-linking mutations to obtain pentamers.
Together with in situ structures for HIV immature gag assemblies (Mattei et al.,
2018, Schur et al., 2015), these CryoEM structures have shown the
conformational switches that occur between immature and mature assemblies.
These structures clearly show that in both the immature and mature
morphology, Ntd-Ntd/Ntd-Ctd contacts govern the assembly of hexamers and
pentamers whilst Ctd-Ctd contacts govern curvature and overall capsid
assembly. Further combination of CryoEM studies with NMR chemical shifts
and molecular dynamics simulations has also allowed some groups to propose
putative models for the overall assembly of the mature HIV capsid (Byeon et al.,
2009, Perilla et al., 2017, Zhao et al., 2013).
1.6.3 Structural diversity across the retroviral family
In addition to assembly structures of HIV, a number of labs have also
made attempts to resolve structures of assemblies of other retroviruses. The
importance of this is highlighted by Figure1.6. Whilst the function of the
retroviral capsid is consistent throughout all retroviruses, electron micrographs
taken of different members of orthoretroviruses reveal a striking irregularity in
the overall morphology of these shells, both between different classes and often
even amongst the same class, with noticeably different architectures from virion
to virion. Figure 1.6 shows representative tomograms taken for RSV (Butan et
al., 2008), MMTV (Briggs et al., 2004), MLV (Forster et al., 2005) and HIV
(Briggs et al., 2006) highlighting this structural flexibility between different
subgroups and from virus to virus. Attempts have been made to structurally
characterise the capsids from other genera, including single-particle
approaches on icosahedral assemblies of RSV (Cardone et al., 2009, Keller et
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al., 2013) as well as sub-tomogram averages of immature MPMV (Bharat et al.,
2012). However, this represents very little information when compared to what
is known about HIV assemblies. Considering the conserved structural and
functional role of capsid, resolving more of these structures, such as that of bretrovirus for which there are no full length mature capsid structures, would be
necessary to understand capsid assembly.
The scientific literature available on the structure of retroviral capsids
shows a wide range of details. However, despite this wealth of structures, some
questions still remain unanswered. For example, what is the precise
mechanism that governs assembly and what are the side-chain interfaces that
control the morphological differences in capsids both within the same species
and amongst different retroviruses? Crystal structures of capsid hexamers and
pentamers have provided high resolution information in regard to Ntd-Ntd and
Ntd-Ctd interactions, whilst NMR and X-ray structures of Ctd only dimers have
also provided some high-resolution information on this interface. However, the
lack of a high-resolution lattice, showing all these interfaces in the context of a
capsid assembly is required to understand the link between these interfaces. In
addition, such structures could also answer questions around potential switches
when moving between pentamer-hexamer, hexamer-hexamer or any other
quasi-equivalent states. To answer this question, a high-resolution structure of
a retroviral assembly, containing both pentamers and hexamers is required.
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Figure 1.5 Retroviral maturation and capsid assemblies

(A) Schematic representation of the HIV gag polyprotein with folded domains
labelled. Viral protease cleavage sites are indicated with arrows. Below are the MA
(PDB: 1HIW) CA (PDB: 3H47) and NC (PDB:1MFS) in their post cleavage, mature
states. For CA, both folded domains and all secondary structure elements are
labelled. (B) Mature HIV hexamer (PDB: 3H47) and Pentamer (PDB: 3P0A). (C)
Immature HIV (PDB: 4USN) and mature HIV (PDB: 5MCX) calculated from subtomogram averages of HIV from within intact virions showing the spatial
rearrangement of capsid monomers between the two states. Below each are
second views related by rotation indicated. Models are coloured as above except
for in immature which still has SP1 helix bound (teal).
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Figure 1.6 Morphological diversity of the retroviral capsid

Representative tomograms of four genera of retroviruses highlighting their diversity
both between genera and from virus to virus. From top left RSV (Butan et al.,
2008), MMTV (Briggs et al., 2004), MoMLV (Forster et al., 2005) and HIV-1 (Briggs
et al., 2006). Two capsids displaying differing morphologies are indicated in each
panel with red arrows. All images reproduced from indicated sources with
permission from Elsevier (A and D), the American Society for Microbiology (B) and
Copyright (2005) National Academy of Sciences USA (C).
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1.7 Retroviral Restriction Factors
In order to combat the infectivity of exogenous viruses, host species have
evolved a number of proteins to counteract the mechanisms by which viruses
replicate within their hosts. In the case of retroviruses, several of these proteins
do indeed exist and are termed retroviral restriction factors. Retroviral restriction
factors possess several characteristics (Harris et al., 2012). These include, but
are not limited to, induction of expression by interferon as part of the immune
response and the presence in viral genomes of a retroviral accessory protein to
overcome the effects of restriction factors. Owing to their recognition by these
accessory proteins, rapid co-evolution through positive selection (Harris et al.,
2012) has also been proposed as a hallmark of identifying restriction factors.
Several restriction factors have been identified to date that all act upon different
stages of the retroviral life cycle as indicated in Figure 1.1.
1.7.1 APOBEC3G
Apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3G
(APOBEC3G) is a retroviral restriction factor that targets the viral genome.
Specifically, APOBEC3G uses cytidine deamination to induce hypermutation of
predominantly guanine (G) to adenine (A) in the coding, positive strand of viral
DNA (Lecossier et al., 2003, Mariani et al., 2003). This, in turn, destabilises the
viral genome, hindering successful reverse transcription, provirus integration
and packaging of genomic RNA into budding virions. The first discovery of
APOBEC3G as a retroviral restriction factor was made through its identification
as the host cell target for the HIV accessory protein Vif. Studies on HIV mutants
lacking the Vif protein not only showed increased G to A mutations in reverse
transcripts but also resulted in a loss of observed cDNA in target cells (Sheehy
et al., 2002). In the presence of Vif, APOBEC3G is targeted for proteosomal
degradation through Vif-dependent recruitment to the CBF-b Cul5 E3 ligase
complex (Guo et al., 2014). Finally, APOBEC3G has also been implicated in
other mechanisms of HIV-1 restriction, including evidence of reduced binding
for tRNA primers used in reverse transcription (Bishop et al., 2008).
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1.7.2 Tetherin
Tetherin is a membrane-anchored protein which sits on the extracellular side of
the plasma membrane. As its name would suggest, it restricts retroviral infection
by physically tethering budding viral particles to the plasma membrane,
preventing their spread and subsequent infection into other cells (Neil et al.,
2008). Tetherin is a single pass transmembrane protein with a C-terminal GPI
anchor(Schubert et al., 2010). In a similar fashion to APOBEC3G, tetherin was
discovered as retroviral restriction factor through studies identifying targets for
another HIV accessory protein, Vpu (Varthakavi et al., 2003), with more recent
findings confirming that Vpu physically binds and displaces tetherin from the
membrane of nascent HIV virions (McNatt et al., 2013). Vpu has been shown to
be a vital accessory protein in HIV-1 infectivity, with HIV particles defective in
Vpu left tethered to the plasma membrane and ultimately internalised into
lysosomes for degradation (Neil et al., 2007).
1.7.3 Trim5a and MxB
A major class of restriction factors interact with the HIV-capsid protein. In
fact, the capsid has been reported to bind a number of host factors. CPSF6 and
CypA have been shown to stabilise the HIV-1 capsid and promote infection (De
Iaco et al., 2013, Fricke et al., 2013, Fricke et al., 2014) whilst TRIM5a and MxB
demonstrate restriction activity against HIV-1 through destabilising effects on
the mature capsid (Fricke et al., 2014, Yap et al., 2004), which in turn impedes
other processes such as reverse transcription (Stremlau et al., 2006). TRIM5a
is comprised of a coiled-coil domain, B-box, RING and SPRY domains and
belongs to the family of RING E3 ubiquitin ligases. This E3 ligase activity has
been shown to be the mechanism of HIV restriction activity, whereby Trim5
auto-ubiquitinates once bound to the capsid for targeting to the proteosomal
degradation pathway (Xu et al., 2003). MxB, by contrast, is a GTPase that
belongs to the dynamin-like family of proteins. Instead of destabilising and
causing premature uncoating of the capsid, MxB binds the capsid and prevents
uncoating from occurring in HIV-1 infection (Fricke et al., 2014).
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Structural studies carried out on both factors have shown that both
TRIM5a and MxB oligomerise. In the case of MxB, the structure resolved
formed filamentous structures which, although not confirmed as the
physiological oligomer in antiretroviral activity, disruption of the oligomer
interfaces showed reduced restriction activity against HIV-1 (Alvarez et al.,
2017). TRIM5a structures have proven more elusive. However, cryoET studies
of TRIM5a bound to tubes of HIV-1 have suggested that TRIM5a forms a
hexagonal lattice of its own over the top of capsid assemblies (Li et al., 2016).
X-ray and SAXS studies carried out on individual domains of TRIM5a and
chimeric proteins using Fv1, a closely related restriction factor, additionally
demonstrated that TRIM5a forms antiparallel dimers through its coiled-coil
domain and mapping of these dimers onto flat lattices of capsid also suggests a
model for lattice assembly (Goldstone et al., 2014). However, in both cases, the
specific mechanism of capsid binding remains unclear and models for binding
of the fullerene cone of HIV-1 capsid remain disputed.

1.7.4 SAMHD1
The SAMHD1 protein was first observed to have strong functional
significance associated with Aicardi-Goutières syndrome. Subsequent studies
carried out by Hrecka et al. and Laguette et al. in 2011 later discovered
SAMHD1 to be the cellular target of the HIV-2 accessory protein Vpx and thus a
primary HIV restriction factor in resting CD4+ T cells and myeloid lineage cells
(Hrecka et al., 2011, Laguette et al., 2011). Since then, a substantial amount of
structural and biochemical information has been acquired. The following section
will provide an overview of some of the reported mechanisms by which
SAMHD1 is believed to go about restricting HIV infection and the structural
information acquired supporting these reported functions.
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1.8 SAMHD1
1.8.1 Function
SAMHD1 has been reported to restrict HIV-1infection by a number of
mechanisms. In fact, much controversy still exists around which of these
reported functions is the primary mechanism by which SAMHD1 acts as a
retroviral restriction factor. The most accepted mechanism of HIV-1 restriction is
that SAMHD1 acts as a deoxytriphosphate triphosphohydrolase (dNTPase)
whereby triphosphates are cleaved from the deoxyribonucleoside base in a
single hydrolysis reaction (Goldstone et al., 2011, Lahouassa et al., 2012).
Biochemical experiments involving the use of anion exchange HPLC also
demonstrated that dGTP served as both a substrate and an allosteric activator
of SAMHD1 as incubation without dGTP did not yield dNTP
hydrolysis(Goldstone et al., 2011) Antiretroviral activity through this mechanism
of dNTP hydrolysis was confirmed in vivo through reduction of cellular dNTP
pools available upon virus entry for functions such as reverse transcription
(Hollenbaugh et al., 2013).
A second mechanism for HIV-1 restriction has been reported whereby,
instead of displaying dNTPase activity, SAMHD1 restricts HIV-1 by acting as an
RNAse (Ryoo et al., 2014). These experiments used specific engineering of
SAMHD1 constructs to either be deficient in their dNTPase or RNAse activity
and it was discovered that constructs lacking in dNTPase activity were still able
to restrict HIV-1 infection in vivo. Other studies have gone further to suggest
that SAMHD1 has the ability to bind single-stranded RNA (ssRNA) and DNA
(ssDNA) whilst displaying significant 3’-5’ activity for single-stranded DNA
instead of 3’-5’ RNAse activity (Beloglazova et al., 2013, Goncalves et al.,
2012) However, this activity has been highly disputed in the field as a
mechanism for HIV restriction. Further studies have also demonstrated that
SAMHD1 does possess the ability to bind single-stranded RNA or DNA as was
reported above (Seamon et al., 2015)(Seamon and Stivers, 2015), (Tungler et
al., 2013) In one particular study, Seamon et al. used specific point mutations to
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abolish dNTPase activity and RNAse activity prior to extensive purification
protocols, with assays to test for each activity performed after each stage of
purification. Their findings suggested the DNAse and RNAse activities were the
result of impurities that easily co-purified with SAMHD1 and could be removed
with more extensive purifications. Whilst they still observed SAMHD1
possessed ssRNA binding ability, no DNAse or RNAse activity could be
assigned based on the mutants analysed (Seamon et al., 2015).
1.8.2 Viral evasion of SAMHD1 restriction
Considering the detrimental effect of SAMHD1 mediated restriction on
the ability of HIV to replicate, the virus has evolved to counter-act this
restriction. In 2011, two independent studies discovered that SAMHD1 is a
target for the HIV-2 accessory protein Vpx, using proteomic approaches from a
THP-1 cell line (Laguette et al., 2011) whilst SAMHD1-Vpx complexes were
also identified in HEK293T cells (Hrecka et al., 2011) in a study which also
discovered that Vpx overcame SAMHD1 activity by targeting it for proteosomal
degradation via the host cell cullin-associated factor 1 (DCAF1)-DDB1-cullin
ring-finger ligase 4 (CRL4) E3 ubiquitin ligase pathway. Further evolutionary
analysis of SAMHD1 in conjunction with Vpx has shown that both the N
terminus (including regions of the SAM domain) and the C terminus (600-626)
have undergone evolutionary selection, a key identifier for interactions between
host cell proteins and retroviral restriction factors (Ahn, 2016, Laguette et al.,
2012, Lim et al., 2012). Since the discovery of SAMHD1 as the target for Vpx,
crystal structures have been solved with HIV-2 Vpx and DCAF1 bound to the Cterminus of human SAMHD1(Schwefel et al., 2014) and the structure of SIVmnd
(mandrill monkey) Vpx bound to the N-terminal SAM domain of mandrill
SAMHD1 (Schwefel et al., 2015). These findings, coupled with the coevolutionary analysis of SAMHD1 and Vpx, have led to the theory that SAMHD1
has undergone constant adaption to overcome Vpx and vice versa, an event
which has led to the divergence of Vpx from the closely related Vpr accessory
protein (the HIV-1 equivalent factor) (Schwefel et al., 2015). As a result, several
species of Vpr/x now exist which target the C-terminal region of SAMHD1, such
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as SIVmac (macaque) Vpx or SIVsyk Vpr, in addition to some that target the Nterminal SAM domain, examples including SIVrcm (red-capped mangaby) Vpx.
Furthermore, some have been identified to be bivalent for both the N and C
terminus of SAMHD1 (Fregoso et al., 2013, Spragg and Emerman, 2013,
Schwefel et al., 2015).
1.8.3 Structural organisation
SAMHD1 is a 72.2kDa protein comprised of two major structured
domains: a N-terminal sterile alpha motif (SAM) domain and an HD domain,
named for its conserved histidine and aspartate residues, which functions as
the primary catalytic domain (Figure 1.7A&B). Structural studies carried out on
the SAMHD1 protein initially demonstrated that the HD domain formed a dimer
(Goldstone et al, 2011). Each monomer contains an active site highly-specific
for dNTPs (Figure 1.7B,D). Several structural studies have determined the
structure of various dNTPs bound as substrates in this site, revealing the overall
coordination of the nucleotide(Goldstone et al., 2011, Ji et al., 2013, Ji et al.,
2014). These studies have also shown the active site to be coordinated by
metal ions, primarily an Fe2+ ion, around several aspartate and histidine
residues (Figure 1.7D) from which HD domains take their name, providing a
structural basis for the observed loss function when mutating these residues.
Further structural studies have also revealed the structural basis for SAMHD1
tetramerisation (Figure 1.7C), and shown the tetrameric form of the enzyme to
be the stable and catalytically active form required for SAMHD1 dNTPase
activity (Yan et al., 2013) (Zhu et al., 2015). This tetramerisation is mediated
through two allosteric sites: allosteric site 1 (AL1) which is highly specific for
guanine base nucleotides (GTP/dGTP) and allosteric site 2 (AL2) which is
highly specific for dNTPs. Figure 1.7E shows the allosteric sites and the specific
interactions required. The tertiary structural environment for AL1 is configured in
such a way that highly specific interactions for guanine are required for binding
to this site, most notably involving D137, G142 and R145 (Goldstone et al.,
2011, Hansen et al., 2014, Zhu et al., 2015). Conversely, AL2 shows relatively
few interactions for the base of dNTPs but is coordinated in such a way as to be
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highly specific for a deoxyribose ring. Whilst AL2 is capable of binding all
dNTPs, a preference has been demonstrated for pyrimidine dNTPs
(dATP/dGTP) with favourable interactions to N358 the basis for this (Ji et al.,
2014)(Koharudin et al., 2014).
Figure 1.8 shows some examples of the tetrameric forms of SAMHD1 HD
domains resolved over the last five years. Perhaps the most striking feature
when comparing them is the overall difference in tetramer architecture. The
most “open” of these resolved tetramers (Goldstone et al., 2011) (PDB: 3U1N)
has its longest dimension of 11.6nm which gradually decreases to 9.8nm in its
most closed form as resolved by Ji et al (Ji et al., 2014). Furthermore, all these
structures have displayed different levels of nucleotide occupancy, particularly
in their allosteric sites, with complete occupancy for all sites found in the most
closed structure (PDB: 4BZC). Considering these observed structural
differences within the crystal structures in conjunction with known biochemical
data described above, a putative mechanism for the sequential hydrolysis of
cellular dNTPs has been suggested (Figure1.8B) (Ian Taylor, personal
communication). In this mechanism, SAMHD1 exists in a monomer-dimer
equilibrium which has been shown in previous biochemical studies prior to
subsequent tetramerisation, mediated by the addition of dNTP into AL2, to
produce the catalytically active tetramer (Goldstone et al., 2011)(Yan et al.,
2013). Once dNTPs have bound to all four AL2 and active sites, one round of
dNTP hydrolysis will occur before release of hydrolysed deoxy nucleoside and
triphosphate from the active site coincided with release of dNTP from AL2.
Further rounds will continue to occur until reaction completion. Some studies
have suggested another model, whereby upon binding of dNTPs into AL2 the
SAMHD1 tetramer will stay together and undergo catalysis continuously without
the dissociation of dNTP from AL2 (Yan et al., 2013) (Hansen et al., 2014).
However, this suggested mechanism does not account for observations made
in several crystal structures showing poor occupancy of AL2 and the active site
together ((Arnold et al., 2015) & unpublished data). In addition, biochemical
studies have also shown that full length human SAMHD1 has a kcat 2-3-fold
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lower than that of truncated constructs lacking the SAM domain (Sarah Caswell,
Ian Taylor, unpublished data). This, coupled with the short linker length,
suggests the SAM domain should be in close proximity to the allosteric sites.
Therefore, a hypothesis whereby AL2 is being turned over in parallel to the
active site is more fitting of these data.
Although a substantial amount of structural data has been produced in the
last five years to uncover the catalytic cycle of SAMHD1 in retroviral restriction
(Goldstone et al., 2011, Ji et al., 2013, Zhu et al., 2013, Ji et al., 2014, Arnold et
al., 2015, Zhu et al., 2015), these structures lack two factors of interest. Firstly,
as demonstrated in Figure1.8A, several tetrameric forms of SAMHD1 have
been observed in crystal structures. However, which of these structures is
representative of the reaction in solution remains unknown. In addition, none of
these structures show the full-length SAMHD1 protein showing the position of
the SAM domain. SAM domains have been shown in other systems to have
protein/nucleic acid binding activity and display regulatory function (Aviv et al.,
2003, Green et al., 2003, Kim and Bowie, 2003). Therefore, uncovering the
structure of SAMHD1 with the SAM domain would help to address any potential
function these may be playing in dNTPase activity. Whilst X-ray crystallography
has yet to yield these answers, recent advancements in the field of CryoEM,
described below, could be exploited to provide these answers.
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Figure 1.7 Structural basis for dNTPase activity of SAMHD1

(A) Schematic showing domain organisation for human SAMHD1. The two
structured domains are coloured pink (SAM) and wheat (HD) respectively. The fulllength protein corresponds to 72.2kDa. In addition to labelled structured domains,
the N-terminus possesses a nuclear localisation signal sequence (NLS) whilst the
C-terminus is recognised by the HIV accessory protein. Vpr/Vpx. (B) Crystal
structure of SAMHD1 monomer (114-626) with the active site indicated by black
box. (C) SAMHD1 tetramer of HD domains only (240kDa) with example AL1 and
AL2 sites indicated by black box (PDB: 4BZC). Tetramer is coloured by chain and
in each case ligand binding sites are displayed as sticks. (D) Active site as boxed in
(B) with side-chains involved in coordination drawn, labelled and interactions
illustrated as dashes. Nucleotide in brackets of label indicates site specificity. (E)
Allosteric site as boxed in (C) drawn and labelled as in (C).
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Figure 1.8 Structural organisation of the SAMHD1 and putative mechanism

(A) Four representative crystal structures showing the SAMHD1 tetramer in
different conformational states. From left to right, 3U1N (Goldstone et al., 2011),
5AO3, 5AO4 (Arnold et al., 2015) and 4BZC (Zhu et al., 2013). Two views are
related by rotation shown. Distance reported below each structure shows the length
of the longest dimension of each tetramer which corresponds to the length of the
bottom view. (B) Proposed mechanism for SAMHD1 mediated dNTP hydrolysis
with different quaternary states indicated (Ian Taylor, personal communication)
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1.9 CryoEM
1.9.1 Sample preparation
Electron microscopy is a powerful technique allowing one to visualise
macromolecular complexes at near atomic resolution. Electrons themselves are
high energy and interact with all forms of matter (Orlova and Saibil, 2011).
Therefore, to ensure scattering from electrons is a direct result of imaging the
sample of interest only, the path of the electron beam in the microscope must
be kept under a high vacuum. As biological specimens cannot be maintained in
solution under these conditions, samples for EM must be introduced into the
microscope in solid states (Jensen, 2010). For imaging purified macromolecules
for single-particle electron microscopy, two major techniques exist for sample
preparation: negative-stain and plunge-freezing samples under cryo conditions.
Negative-stain as a specimen preparation method is the simpler of the
two techniques. Briefly, the sample is prepared by adding a small droplet of
purified particles in solution to an EM support film, usually a copper grid with a
thin layer of continuous, amorphous carbon deposited on top. After addition of
the sample, a solution containing a heavy metal salt is added to the specimen,
blotted to produce a thin film and allowed to dry in air (Saibil, 2000). The sample
may also be incubated at room temperature on the grid prior to heavy metal
staining to increase sample adsorption to the carbon layer. Imaging this sample
in an electron microscope yields images where macromolecular samples are
depicted as white objects amongst a dark background, hence the name
negative-stain as the image is the result of exclusion of stain by the protein
sample (Orlova and Saibil, 2011). The most commonly used heavy metal salts
used are uranyl acetate (UA) and uranyl formate (UF), however other salts such
as sodium silicotungstate (SST) and sodium phosphotungstic acid (PTA) have
also been regularly used for such methods (Sherman et al., 1981). The
resulting images provide information about the overall morphology of the
particles and assessment of the homogeneity of the sample. However, this
technique is not without its faults. Not all samples can be successfully
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preserved and stabilised whilst dehydrating and fixing them with stain. In
addition, the stain can have distorting effects on isolated particles either through
flattening effects of the heavy metal or through incomplete staining of the entire
periphery of the particle (Orlova and Saibil, 2011). Finally, negative-stain
images and reconstruction from these are also resolution limited owing to a
number of factors, including grain size of the stain and their inability to
penetrate into particles. Therefore, in order to image macromolecules to higher
resolution, it is necessary to switch to cryo-methods for sample preparation.
Preparation of samples by cryo methods is preferred to negative stain for
many reasons. Firstly, proteins do not exist in dehydrated states: they are
hydrated when functioning inside cells. Therefore, vitrification of samples in
aqueous solution allows them to be imaged in their native state, even when
imaged under the vacuum of the microscope. In addition, maintaining samples
at liquid nitrogen significantly reduces the rate at which the sample is damaged
by the radiation of the electron beam, allowing high resolution features to be
determined (Jensen, 2010). In order to prepare such samples, they must be
rapidly frozen in aqueous solution. The speed of freezing is vital: rapid-freezing
allows for the formation of amorphous, vitreous ice which has a glass-like
property allowing for clear visualisation of macromolecules frozen in solution
(Dubochet et al., 1988). Samples frozen at slower speeds are prone to
crystalline ice formation which damages proteins and is less transparent in an
electron beam (Dobro et al., 2010). In order to rapidly cool these samples,
blotting of a small droplet (usually 2-4µL) on a support grid is performed
immediately prior to plunge freezing into liquid ethane or propane at
approximately -180oC. These temperatures are maintained by surrounding the
liquid ethane or propane with liquid nitrogen (Dubochet et al., 1988).
An equally important consideration to preparation of cryo-grids is the
support grid of choice used. Whilst negative-stain grids employ a continuous
substrate layer over a copper grid, application of such a layer in cryo can hinder
resolution due to the added layers through which electrons must penetrate. To
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overcome this, the carbon layer is perforated producing a lattice of holes in
which the sample is frozen into thin ice in these holes (Orlova and Saibil, 2011).
For some samples, it is beneficial to introduce a continuous carbon layer as
adsorption to a carbon substrate can significantly increases the number of
particles and distribution of views. In light of this, recent work has demonstrated
deposition of a graphene layer over these holes can prove beneficial without
hampering resolution (Sader et al., 2013, Russo and Passmore, 2014a). This is
due to the fact that graphene monolayers are only one atom thick: too thin to
provide interfering signal in the resultant image. In addition, the conductance of
the support film must be considered in sample preparation. Interaction between
the electron beam and sample introduces charge. Build-up of this charge can in
turn lead to movement of the sample within the beam, thus blurring the images
produced. This charge build-up caused by the electron beam can be
compensated for by illuminating carbon adjacent to the field of view, reducing
the overall motion of samples within ice. In recent times, experiments have
been performed using holey gold grids instead of copper, which have shown an
increase conductivity and therefore reduced beam-induced motion (Russo and
Passmore, 2016, Russo and Passmore, 2014b).

1.9.2 Principles of image formation and contrast transfer
Electron microscopes are setup in largely similar fashion to conventional
light microscopes. They possess a highly powerful electron source, lenses to
focus the beam both before and after interaction with the sample and detectors,
be it a charge-coupled device (CCD) camera or more recently direct-electron
detectors (Orlova and Saibil, 2011).
There are three widely use electron sources in transmission EM:
tungsten filaments, lanthanum hexaboride (LaB6) crystals and field emission
guns (FEG) (Spence, 2003). Tungsten filaments are used in most lower-end
(120kV) instruments whilst LaB6 crystals were the primary electron source for
200-300kV microscopes, with LaB6 having a smaller vertex and producing a
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beam with higher coherence. The FEG, on the other hand, is a far more
advanced electron source which has replaced the LaB6 in modern day high
voltage (200-300kV) microscopes. It produces a narrower, more coherent and
about 500x brighter beam compared to the others through the use of a crystal
sharpened tip with a radius of 10-25 nm as opposed to 5-10µm (Orlova and
Saibil, 2011). After heating of the tip, released electrons are accelerated by a
high voltage up to 300kV before passing into the column.
In order to produce coherent beam containing electrons with the same
energy, condenser lenses are used to converge the diverging beam into a
parallel beam before illuminating the specimen. The next lens in the column of
the microscope is the objective lens, by far the most important in the lens
system and provides the primary magnification (Orlova and Saibil, 2011). Just
above the objective lens of the microscope is where electrons interact with the
specimen and are scattered either elastically (without energy loss) or
inelastically/backscattered (with energy transfer to the specimen) (Glaeser,
2003, Orlova and Saibil, 2011). Although essential for imaging, interactions with
electrons is known to cause radiation damage to electrons and is a major
resolution-limiting factor of the technique (Glaeser, 1971, Glaeser, 2016).
Theoretically, imaging using electron sources is known to be capable of
achieving atomic resolution owing to the short electron wavelength at 300kV of
0.01968Å coupled with the fact EM images contain perfect phases of the
specimen Imaging radiation insensitive materials can be performed to subangstrom resolutions (O'Keefe et al., 2001). However, the radiation damage
induced through energy transfer from electrons to the specimen greatly limits
resolution of biological specimens. These inelastically scattered electrons can
be subsequently filtered out in the back focal plane of the microscope through
the introduction of an objective aperture, increasing contrast of the resultant
image. The final set of lenses after the objective aperture are projection lenses
in series which magnify the image further before the electrons reach the surface
of the image detection system.
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The images formed on an image detection system, such as a CCD or
direct-electron detector, are produced by all scattered and unscattered
electrons from the specimen. Contrast in the image is defined as the intensity
variations that occur from variations of electron transmission through the
specimen (Spence,2003, Orlova and Saibil, 2011). The image contrast can be
defined by two components, amplitude contrast and phase contrast. Amplitude
contrast is the result of absorption of some of the incident electrons by the
specimen. However, as biological molecules are mostly comprised of low
weight atoms, these atoms do not absorb electrons from the incident beam but
rather deflect them to varying angles. Thus, biological specimens are poor
amplitude contrast objects and do not provide the intensity variations to make
features visible (Spence, 2003). Part of this is rectified through the use of
objective apertures, which removes the highly scattered inelastic electrons and
thus increase sample contrast (Orlova and Saibil, 2011). Furthermore, although
no electrons are absorbed, they do scatter to varying angles through the
specimen and thus have different path-lengths, introducing a second source of
contrast: phase-contrast. In terms of detection, this is made visible through the
direct recording of amplitude variations at the moment the electron is recorded
by the detector. The image detected is formed from all scattered and
unscattered electrons (Spence, 2003, Frank,2006). Biological specimens,
however, are thin and thus do not scatter electrons elastically to large angles,
so they are defined as weak phase objects. In order to improve image contrast,
one can introduce defocus into the image whereby the image is moved away
from the plane at which it is in focus. This, combined with spherical aberrations
of the objective lens, introduces a phase shift which adds contrast to the image
(Spence, 2003, Frank, 2006, Orlova and Saibil, 2011). However, application of
defocus introduces distortions into the image, noticeable in real space as phase
reversals of contrast such that regions of the particle are not visible (Zhou et al.,
1996). This phase contrast transfer is defined by the contrast transfer function
(CTF) of the microscope. In order to accurately interpret data from EM images,
these contrast distortions must be corrected for by accurately calculating the
points in the function where amplitudes flip to negative values and correcting
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them, thus eliminating the effects of CTF. Once corrected, images can then be
processed by single-particle analysis (Zhou et al., 1996, Rohou and Grigorieff,
2015).
1.9.3 Single-particle analysis and structure determination
Electron micrographs, after data acquisition, need to be extensively
processed in order to produce 3D maps of the macromolecule of interest.
Single-particle analysis is a method allowing one to obtain 3D electron densities
of a macromolecule to near atomic resolution from these EM images. A
schematic representation of a single-particle workflow is shown in Figure 1.9.
In modern day electron microscopes, micrographs are recorded over
several frames, essentially recording the images as movies. Therefore, in order
to be able to select individual particles from this movie stack, the individual
frames must be aligned and summed in order to produce a single image with
signal-to-noise sufficient to visualise and pick individual particles (Ripstein and
Rubinstein, 2016). Several packages are available for such alignments and all
use slightly different frameworks to align frames and average them. All of them
operate using cross correlation functions to calculate accurate alignment,
differing by either performing pair-wise cross correlation between adjacent
frames or through cross-correlation to an unaligned sum of all the frames
(Zheng et al., 2017, Grant and Grigorieff, 2015, Ripstein and Rubinstein, 2016).
Following from movie alignment, parameters for the CTF of each micrograph,
including defocus measurements, astigmatism and phase shifts (in the case of
phase plate data) are determined, with microscope voltage and spherical
aberration constant for the whole dataset. The increased signal-to-noise ratio
generated in data collection allows for programs to be able to calculate these
parameters on a per-particle basis to account for defocus fluctuations brought
about by small variances in ice thickness across a given field of view (Zhang,
2016, Rohou and Grigorieff, 2015).
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Once micrographs have been aligned, summed and CTF parameters
determined, particles can be picked either manually or automatically and
extracted into individual boxes for downstream classification. Numerous
particle-picking programs have been developed which use different methods to
automatically pick particles, either through template-matching to lowpass
filtered reference images or through pattern recognition in a reference-free
manner (Voss et al., 2009, Roseman, 2004, Scheres, 2015)
After particles have been picked and extracted, they can be aligned in
order to accurately determine their relative orientations to each other (Jensen,
2010). Multiple methods have been employed for this. Two-dimensional
classification is primarily used to identify the views of a given macromolecule
present in the sample, through methods including multivariate-statistical
analysis (MSA) (van Heel et al., 1996, Tang et al., 2007, Frank et al., 1996) or
more recently, through Bayesian methods using weighted probability
distributions (Zivanov et al., 2018). Regardless of method, the objective is to
identify views that are both representative of the data collected and are true
characteristic views of the molecule of interest. Once these particles have been
selected, their relative angular assignments can be determined in three
dimensions through real-space alignment to projections from an initial model.
Such alignments can also be used to further classify the particles both on the
overall quality and resolution of the images as well as be used to identify
heterogeneous sub-populations of particles corresponding to different
macromolecular conformations (Punjani et al., 2017, Scheres, 2016). These
sub-populations of interest are then further refined and the process is iterated
until the process has converged on a final map. Detailed methods of the
protocols used in this thesis for single-particle analysis are outlined below.
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Figure 1.9 A single-particle image processing workflow

An example workflow used both in this thesis and in other works for single-particle
analysis. The exact pipeline is modelled primarily off the pipeline as implemented in
the Relion package (Zivanov et al., 2018). However, the principles and general
approach are representative of many single-particle workflows involving several
software packages (Scheres, 2012, Scheres, 2016, Lyumkis et al., 2013, Punjani et
al., 2017, Grant et al., 2018, Zivanov et al., 2018).
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1.9.4 Recent developments towards atomic resolution
A key technical development in the study of large macromolecular
assemblies, such as studies on retroviral capsids detailed above, has been the
advent of multiple breakthroughs in the application of electron cryo-microscopy,
both in microscope hardware and in image processing algorithms (Kuhlbrandt,
2014). The advent of direct electron detectors, whereby electrons are detected
through dramatically thinner scintillators with reduced point-spread functions
(PSF), have produced substantial improvements in achievable resolution when
compared to older detection systems such as film or charged-coupled device
(CCD) cameras (McMullan et al., 2016), in conjunction with improved
microscopes with more stable stages, improved optics for parallel illumination
and improved automation. As a result, images can be recorded in a much more
efficient manner and the significantly faster frame-rates allow for the collection
of these micrographs as movies, from which aligned sums can be generated. In
terms of image processing, numerous new packages have been implemented
over the last four-five years, with improved 2D and 3D classification
approaches, which have led to further increases in achievable resolution from
EM images (Scheres, 2012, Scheres, 2016, Lyumkis et al., 2013, Punjani et al.,
2017, Grant et al., 2018, Zivanov et al., 2018). Further advents, such as the
introduction of phase plate technology to these microscopes, have also
facilitated improvements with increased contrast without compromising
resolution, allowing for attempts to resolve smaller proteins and dynamic
complexes (Danev et al., 2014, Danev and Baumeister, 2016, Danev et al.,
2017).
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1.10 Aims
The overall aim of the projects described here is to take advantage of the
recent technical advancements in the field of electron cryomicroscopy to
answer structural questions about retroviral assembly and restriction not
amenable by other structural approaches. In the specific context of the HML-2
retroviral capsid project, the aim was to resolve the structure of mature HML-2
capsid within the context of an assembled lattice.
The project looks to address an important question in the field of
retroviral capsids: what are the interactions that govern the conformational
variability to allow capsids to form such diverse morphologies? As detailed
above, there has progress on answering these questions through studies
primarily on the HIV-1 capsid. A wealth of high resolution structures of
hexamers and pentamers exist detailing some essential interactions (Goldstone
et al., 2010, Mortuza et al., 2004, Pornillos et al., 2009, Pornillos et al., 2011,
Obal et al., 2015). In addition, lower resolution structures obtained from tubular
arrays, icosahedral species and from within intact virions provide insight into the
secondary structure changes essential for capsid assembly (Bharat et al., 2012,
Schur et al., 2016, Cardone et al., 2009, Keller et al., 2013, Mattei et al., 2016).
However, a high-resolution lattice, coupling side-chain level information from
hexamers and pentamers with interface shifts between them, remains
unresolved. Such a structure would be necessary in order to design therapies
that target the capsid to combat retroviral infection.
In the case of SAMHD1, the overall aims of the project were to resolve
structures by cryoEM to answer questions that have not yet been achieved
through X-ray studies. Specifically, single-particle approaches can be used to
resolve the full-length protein of SAMHD1, revealing the structural basis for the
role of the SAM domain in SAMHD1 activity. In addition, cryoEM can be used to
probe the conformational variability of the SAMHD1 tetramer through the
duration of its catalysis by imaging constructs containing both live substrate and
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competitive inhibitors. Such experiments can help address the question of
which conformational states observed through X-ray crystallography are indeed
true solution states.
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Chapter 2.

Materials & Methods

2.1 Expression, Purification and Protein Analysis
2.1.1 Expression & Purification HML-2
Full length HML-2 CA was expressed in Rosetta 2DE3 E. coli cells
(Novagen). Sequence for HML-2 CA can be found in Appendix 1 and is derived
from consensus sequence as described in Lee & Bieniasz, 2007 (Lee and
Bieniasz, 2007). A previously prepared glycerol stock containing cells with a
sequence verified full length HML-2 cloned into pET22b with a C-terminal His6tag was used (provided by Taylor Lab). 100mL Luria broth (LB) and appropriate
antibiotic was inoculated with cells as a starter culture and grown overnight at
37oC.Cells were grown by inoculating 750ml Terrific Broth (TB) with 5mL
overnight culture at 37oC in 2 litre flasks with shaking to an O.D.(600nm) of 0.6
before being induced with 0.1mM Isopropyl β-D-1-thiogalactopyranoside
(IPTG). Post-induction, cells were left to grown at 25oC for 16hrs before
harvesting by spinning at 6000x g for 30 mins. Cells were resuspended in lysis
buffer at 7mL/g (see table 2.1) supplemented with EDTA-free protease inhibitor
(Roche), stirred to homogeneity, frozen and stored at -20oC (The above steps
were performed with Dr. Neil Ball).
To thawed cells (2 litres), 0.2% Triton-X-100 was added and suspension
was sonicated for 6x30s intervals. After sonication cell debris was removed by
centrifugation at 56,000x g for 1 hour. For affinity chromatography, supernatant
was filtered using a 0.22µm syringe filter and loaded onto a 1mL HisTrap FF
IMAC (GE Healthcare) column at 0.5mL/min using a P1 pump. The column was
washed with 100 column volumes lysis buffer supplemented with triton-x-100,
5mM MgCls and 4mM ATP before the protein was eluted by step gradient into
100% His-B buffer (Table2.1). The eluate from affinity chromatography was
diluted to reduce NaCl concentration to 10mM with IEX-A buffer (Table 2.1)
before loading onto a 6mL Resource Q column (GE Healthcare) for anion
exchange chromatography. Bound protein was eluted from the column using a
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10-column volume salt gradient from 0-250 mM NaCl (25% IEX-B buffer, table
2.1) followed by an elution at 1M NaCl (100% IEX-B) to remove remaining
imidazole on column. Eluate from anion-exchange step was concentrated
down to 5mL and injected onto an S200 16/60 equilibrated with GF buffer
(Table 2.1). Fractions of 3mL were collected over 1.1 column volumes and were
analysed by SDS-PAGE. Fractions containing protein were pooled and
concentrated using a Vivaspin concentration tube with a MWCO of 20,000
Daltons. Sample was concentrated to >10mg/ml, snap frozen in LN2 and stored
at -80oC.

Tris pH8
NaCl
Imidazole
TCEP

Lysis
50mM
750mM
10mM
0.5mM

His-A
20mM
300mM
20mM
0.5mM

His-B
20mM
300mM
300mM
0.5mM

IEX-A
20mM
0.5mM

IEX-B
20mM
1M
0.5mM

GF
20mM
100mM
0.5mM

Table 2.1 HML-2 purification buffers

2.1.2 SDS-PAGE gel electrophoresis
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDSPAGE) was performed using Noves 4-12% gradient, 1.0mm Bis-Tris gels
(Invitrogen) run in 1x 2-[N-morpholino] ethanesulfonic acid (MES) buffer
(Invitrogen). Gels were run for 45 mins at a constant voltage of 200V. Wells
were loaded with 4µL protein sample supplemented with 1µL 5x NuPAGE LDS
sample buffer with reducing agent added. Precision Protein Plus (Bio-Rad) prestained protein standard was used as a molecular weight marker. All protein
samples with sample buffer added were boiled at 95oC for 5 minutes prior to gel
loading.
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2.1.3 Protein concentrations
Protein concentration was assessed by UV spectroscopy using a
NanoDrop 1000 spectrometer (Thermo Fischer ScientificTM). Prior to use,
protein extinction coefficients were calculated by inputting sequence into the
ProtParam server (http://web.expasy.org/protparam/) and A280 readings
recorded after a continuous scan from 220-250nm. Where required, protein
samples of HML-2 were concentrated using a Vivapsin concentrator (Thermo
Scientific) with a molecular weight cutoff of 10kDa.

2.2 Complex Assembly
2.2.1 HML-2 Capsid assembly
Purified HML-2 monomers were thawed and concentrated to ~16mg/mL before
addition of high salt buffer (20mM Tris pH 8, 4.9M NaCl, 0.5mM TCEP) to bring
the final salt concentration to 1.5M. Sample was incubated for at least 1 hour at
4oC. After incubation, sample was either taken directly to cryo grid preparation
or was injected onto a Superose 6 16/60 column or Superpose 6 increase
10/300 column (GE healthcare) equilibrated in 1.5M NaCl at 1mL/min. Eluate
for capsid assemblies was pooled and concentrated to ~5mg/mL for negative
stain/cryo grid preparation. Unassembled monomer was pooled, dialysed into
low salt and refrozen in LN2 for storage at -80oC.
2.2.2 SAMHD1 inhibited tetramer assembly
SAMHD1 protein constructs were purified in the Ian Taylor lab (Sarah
Caswell, Elizabeth Morris, Ian Taylor, personal communication) for negative
stain EM and cryoEM analysis. Sequences for SAMHD1 constructs used can
be found in Appendix 2. All constructs were prepared according to Table 2.2
and assembled on ice. To prepare stock solutions of nucleotide, dried stocks
were resuspended in appropriate volumes of PCR grade distilled water (SigmaAldrich), aliquoted and stored at -20oC until required. All complexes were
assembled in the following reaction buffer: 20mM Tris HCl pH 7.8, 150mM
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NaCl, 4.9mM MgCl2, 0.5mM TCEP. After addition of all reagents, sample was
spun for 5 min at 14,000x g before transferring to a clean Eppendorf tube.
2.2.3 SAMHD1 live reaction preparation
SAMHD1 full length live reactions were prepared as detailed in Table 2.2.
Samples were prepared using same buffer conditions as described above for
inhibited tetramer assembly. Time-points selected for plunge-freezing were
chosen at T0, T5, T10, T15, T25 and T90 (minutes) according to biochemical data
acquired in the Ian Taylor lab (Sarah Caswell, Elizabeth Morris, Ian Taylor,
personal communication). Samples were prepared on ice until addition of
protein at which point reaction was carried out at room temperature.
Reagent

SAMHD1
SAMHD1
D137N
WT FL
(Inhibited) (Inhibited)
Protein
30µM
30µM
GTP
200µM
200µM
dApNHpp
500µM
500µM
dNTP
mixture

SAMHD1
WT FL
(Live)
4.3µM
200µM
500µM

Table 2.2 SAMHD1 Inhibited and Live reaction conditions

Concentrations correspond to final concentrations prepared in reaction mixture.
Inhibited reactions were prepared in 20µL reactions prior to dilution and live
reactions prepared as 36µL reaction with no dilution prior to grid plunge-freezing

2.3 Electron Microscopy
2.3.1 Negative stain EM sample preparation
Carbon coated copper grids for negative stain EM were prepared inhouse. To do this, evaporated carbon was deposited onto split Mica sheets
(Agar Scientific) using an EMITECH K950X carbon coater set to 3x100ms
pulses. Carbon was floated off mica using distilled water. 3.05mm copper grids
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with 25µm width square mesh (TAAB Laboratories) were placed onto floating
carbon sheet before removal. Grids were left to air dry and stored in petri dish.
Stock solutions of 5% uranyl acetate (UA) or sodium phosphotungstate
(PTA) kept at room temperature under minimal light were prepared and pH
corrected to 5.5 and 7 respectively. 1% stocks were prepared by dilution with
distilled water and filtered using a 0.22µm syringe filter.
Grids were glow discharged using an EMITECH K100X glow discharger
either in air or supplemented with addition of 25µL 99% amylamine applied to
Whatman #1 filter paper and placed within the chamber. All grids were glowed
at 25mA for 30s or 1 minute immediately prior to use. A 2µL droplet of sample
was applied to carbon side of glowed, carbon-coated grids for 30s – 1min. After
incubation, excess liquid was blotted off from the side of the grid distal to the
forceps holding it using Whatman #1 filter paper and immediately stained. Stain
was applied either by constant flow of 200µL desired stain over the surface of
the grid or by holding grids inverted on 20µL droplets of stain for 30s. Excess
stain was blotted away and samples allowed to dry before imaging.
2.3.2 Negative stain EM data collection
All negative stain grids were imaged using either a Tecnai T12 Spirit
(FEI) equipped with and FEI Eagle 2k x 2k camera or a Tecnai T12 TWIN
equipped with a Gatan Ultrascan 2k x 2k camera. In either case, microscopes
were operated at 120kV and images recorded using low dose procedures.
Images were collected using either TIA (FEI) or Digital Micrograph (Gatan) and
converted to MRC format after collection for image processing.

2.3.3 CryoEM sample preparation
All samples were prepared on either Quantifoil R2/2 200 mesh or
R1.2/1.3 300 mesh copper grids (Quantifoil Micro Tools). Grids were examined
by light microscopy to check carbon quality before glow discharging using an
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EMITECH K100X set to 25mA for 30s or 1min (+ amyl amine as necessary). All
grids were frozen using an FEI Vitrobot mark III (FEI Company). In all cases,
grids were blotted automatically from both sides using a double layer of filter
paper on each side. A range of conditions were tested using the Vitrobot
automated environment chamber, with adjustments made to chamber
temperature, humidity, blot time and sample volume added during initial
experiments. In the case of HML-2, multiple application procedures, as
described in Snijder et al, 2017 (Snijder et al., 2017) , were also employed. The
final freezing conditions used for high-resolution data acquisition are detailed
below in Table 2.3.
HML2
Grid
[µM] applied
to grid
Glow
discharge
Vitrobot temp
o
( C)
Humidity (%)
Sample
volume (µL)
Blot time (s)

SAMHD1 WT
FL (Inhibited)

SAMHD1 WT
FL (Live)

Quantifoil
R2/2 200 (Cu)
250

SAMHD1
D137N
(Inhibited)
Quantifoil
R2/2 200 (Cu)
1.0

Quantifoil
R2/2 200 (Cu)
1.0

Quantifoil
R2/2 200 (Cu)
1.43

air, 25mA, 30s

air, 25mA, 60s

air, 25mA, 60s

air, 45mA, 60s

4

4

4

18

100
2 + 2 + 2*

100
3

100
3

100
3

0.5 + 0.5 + 5.0

5.0

5.0

4.5

Table 2.3 CryoEM final grid conditions

(*) = multiple samples added. First two sample droplets were undiluted protein,
final sample droplet was HML-2 GF buffer. Blot times underneath correspond to
droplets applied in order.
2.3.4 CryoEM initial data collection
All cryo grids were imaged using either a Tecnai T12 Spirit (FEI)
equipped with and FEI Eagle 2k x 2k camera or a Tecnai T12 TWIN equipped
with a Gatan Ultrascan 2k x 2k camera. For both instruments, a Gatan 626 60o
or 70o cryo-tomography holder was used to insert samples. Microscopes were
operated at 120kV and images recorded using low dose procedures. Images
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were collected using either TIA (FEI) or Digital Micrograph (Gatan) and
converted to mrc format after collection for image processing. In addition,
SerialEM (Mastronarde, 2005) was used on the Spirit to collect whole grid
montages at 190x magnification for assessment of overall grid quality for high
resolution data collection. In certain cases, tilt-pairs were also collected over the
same field of view at 00 and 20o tilt. To perform this, sample was imaged at 00
after manual determination of focus and desired defocus set. Following this,
sample was tilted to 200 and stage manually re-positioned in search mode using
ice contamination as markers for alignment. Focus points in low dose were kept
on the tilt access to ensure focus determination was consistent for both untilted
and tilted image acquisition. Imaging at each tilt was done using 0.5s integration
time for image acquisition instead of 1s to prevent overdosing in the tilted
image.
2.3.5 High resolution data acquisition
Optimised samples were imaged on one of the following setups:
•

An FEI Titan Krios operating at 300kV equipped with a backthinned FEI Falcon III direct electron detector. Nominal
magnifications were set to 75,000x corresponding to a calibrated
pixel size of 1.09 Å/pix.

•

An FEI Titan Krios operating at 300kV equipped with a K2 Summit
direct detector (Gatan) and an energy filter operating in zero-loss
mode (GIF Quantum, Gatan) with a 20e-V slit. Nominal
magnifications were set to130,000x EFTEM (in nanoprobe mode)
corresponding to a calibrated pixel size of 1.08 Å/pix

•

An FEI Talos Arctica operating at 200kV equipped with a backthinned FEI Falcon II detector. Nominal magnification was set to
150,000x corresponding to a calibrated pixel size of 0.966Å/pix.

In all cases where a Falcon III or K2 camera was used, movies were
recorded in counting mode whilst Falcon II data could only be recorded in
integrating mode. All data collections were performed with C1, C2 and objective
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aperture sizes of 2000, 50 and 100µm respectively. All data were collected
using the EPU software package (FEI company). A full description of collection
parameters for each dataset reported in this work can be found in Table 2.4.
High resolution data collection was performed with the help of Dr. Andrea Nans

HML2

SAMHD1
D137N
o
(0 tilt)
Instrument FEI Titan FEI Titan
Krios
Krios
Camera
FEI
Gatan K2
Falcon III
Summit
(counting) (+ energy
filter)
Nominal
75,000x 130,000x
Mag
Calibrated
pixel size
(Å/pix)
C1/C2
apertures
(µm)
Objective
aperture
(µm)
Dose rate
(e /pix/sec)
Total dose
2
(e / Å )
Integration
time (s)
Number of
frames
Movies
collected

SAMHD1 SAMHD1 SAMHD1 SAMHD1
D137N
D137N
FL
FL Live
0
(40 tilt)
PP
Inhibited
T10
FEI Titan FEI Titan FEI Titan FEI Titan
Krios
Krios
Krios
Krios
Gatan K2 Gatan K2 Gatan K2 Gatan K2
Summit
Summit
Summit
Summit
(+ energy (+ energy (+ energy (+ energy
filter)
filter)
filter)
filter)
130,000x 130,000x 130,000x 130,000x

1.09

1.08

1.08

1.08

1.08

1.08

2000/50

2000/50

2000/50

2000/50

2000/50

2000/50

100

100

100

100

100

100

0.6

6.24

6.24

6.24

6.30

6.40

30

47.8

47.8

47.8

48.6

48.6

59.4

9

9

9

9

9

30

30

30

30

30

30

10,935

4625

3578

965

6558

4515

Table 2.4 High resolution data collection parameters
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2.4 Image Processing
2.4.1 Motion correction and CTF correction
All data collected as movies were motion corrected on the fly using
MotionCor2 through the Scipion pipeline. Initially, all frames were used in
correction with micrographs aligned using a 5x5 patch network. Aligned sums
were saved as dose-weighted and non-dose-weighted. Non-dose-weighted
sums were used for CTF estimation also performed on the fly in the Scipion1.2
(de la Rosa-Trevin et al., 2016, Gomez-Blanco et al., 2018) pipeline with either
CTFFIND4.1(Rohou and Grigorieff, 2015) or Gctf (Zhang, 2016) packages.
Estimated CTF profiles were inspected visually to determine quality of
estimation and re-run in cases where estimated CTF zero crossings did not
align well to micrograph power spectra. After CTF estimation was completed,
micrographs showing a CTF cross-correlation score of fit worse than 7Å were
excluded from further processing along with any micrographs containing too
much ice contamination or showing Thon rings indicative of non-vitreous ice. In
the case of tilted datasets, Gctf was also used to calculate CTF profiles on a
per-particle basis to account for the defocus gradient across a tilted micrograph.
Per-particle CTFs were estimated after extraction as detailed in 2.4.2 below and
implemented by replacing appropriate values in the data metadata files prior to
2D and 3D classification steps.

2.4.2 Particle picking, extraction and 2D classification
A subset of ~5,000-8,000 particles were manually picked for all datasets
to generate references for automated particle identification using either the
built-in auto-picking tools within RELION (Kimanius et al., 2016, Zivanov et al.,
2018) or through the use of Gautomatch. In either case, protocols were run by
providing references from 2D classification of above subsets. Initial models
were low-pass filtered to 30Å prior to use and a minimum particle distance of 1x
particle diameter was used to prevent classification of overlapping particles. In
the case of T=3 particles for HML-2, particles were manually re-picked and
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centred after auto-picking and initial 2D classification. In these instances, use of
2D references of smaller species had produced high instances of individual
particles being picked as duplicates and particle count across the dataset
proved insufficient to generate representative references from subsets of the
data hence the requirement for manual re-selection.
Particles were initially extracted into a box size corresponding to
approximately 2x the longest dimension of the largest observed particle using
RELION’s particle extraction package (for HML-2 this was a 576x576 box size:
SAMHD1 equated to a 256x256 pixel box size). During the particle extraction,
particles were binned two-fold to increase the computational speed of initial 2D
and 3D classification steps. Once subsets of particles corresponding to views of
the complex of interest had been isolated for structure calculation through
classification, particles were re-extracted in an un-binned format for 3D
refinement in RELION to produce the best achievable resolutions. After this
auto-refinement, and in some instances after further classification, the stack
that ultimately represented the final particles for reconstruction were reextracted one more time into a box size according to the following equations as
described in Rosenthal and Henderson, 2003 (Rosenthal and Henderson,
2003):
𝐵 = 𝐷 + 2𝑅
𝑅 = 𝜆Δ𝐹/𝑑
where B= box size, D is the maximum longest dimension of the particle of
interest and R is calculated by multiplying the electron wavelength (l) of the
microscope at a given accelerating voltage (0.01968Å at 300kV) with the largest
defocus (DF) used in the dataset and dividing by the desired resolution (d). In all
instances, desired resolutions were kept to £3Å initially. Higher resolutions were
subsequently used only if maps refined to higher than 3Å. Determination of an
appropriate value for DF was performed by analysing the .star files for the
largest (most negative) defocus value found in the final particle stack and not
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from the initial data collection to ensure a more accurate use of this value and
to boost computation times.
Two-dimensional classification was performed in a reference free
manner using RELION. After each round of 2D classification, particles were
sorted according to their correlation to 2D classes showing clear protein density
features, particle subsets selected and classifications re-run. Number of classes
was decided iteratively starting in most cases with a large number (³200) and
reduced each time based on number of identical classes appearing on
according to known symmetry elements for the structures of interest. A highresolution limit of 7-10Å was used in all early rounds of 2D classification to
prevent overfitting of noise images into good classes.

2.4.3 Initial model generation, 3D classification and refinement
Initial models were generated either from previous structural calculations
(Tim Grant, personal communication) or were generated using the ab-initio
model generation tool as implemented in cryoSPARC (Punjani et al., 2017).
Particles selected from 2D classification were processed and classified in 3D
using RELION 2.0,2.1 or 3.0. In all instances, initial rounds were carried out
both with and without symmetry imposed. After each round of 3D classification,
particles belonging to classes that showed clear protein features and highest
resolution were selected, sorted, further trimmed and reclassified. Particles
selected for further refinement were run through 3D auto-refine protocols in
Relion. Alignment searches were kept at initial values of 7.5o with further local
searches of 5o except in the cases of icosahedral refinements which started with
1.9o and 0.8o respectively. After each round of 3D classes, particles and
metadata were manually curated for strongest particles (highest resolution,
lower pixel/degree values for accuracy of image translation/rotation, etc.),
merged where necessary and re-classified. Structure refinement was carried
out either using Relion2.0-3.0 auto-refinement (Kimanius et al., 2016) (Zivanov
et al., 2018), homogenous refinement protocols as implemented in cryoSPARC
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(Punjani et al., 2017) or auto and manual refinement tools as implemented in
cisTEM (Grant et al., 2018). optimising parameters as necessary.

2.4.4 Resolution assessment and validation
All map resolution assessments were made according to FSC=0.143
cutoff values (Rosenthal and Henderson, 2003). In cases where reconstructions
were calculated in RELION or cryoSPARC, gold-standard half-maps
calculations were interpreted through the post-processing procedures
implemented in RELION, which, in addition to map sharpening, also calculates
phase randomised maps as a validation tool (Scheres and Chen, 2012, Chen et
al., 2013).
In cases where maps were calculated in cisTEM, which does not use
gold-standard half map calculations, the parameter dictating high resolution
limits used in the refinement was initially set to 30Å and iteratively increased in
a semi-automated (auto refine) or manual (manual refinement) fashion. In each
case, strict high-resolution limits were set to values where FSC remained at 1.0
according to the previous refinement. The highest resolution limit used in any
structure calculation also never exceeded 4.0Å. Further validation of cisTEM
reconstructions was performed by generating half-maps from final
reconstructions and subjecting these half maps to the post-processing
procedures as implemented in RELION 2.1 described above. Specifically, this
was performed to make use of the phase-randomisation implemented in the
post-processing procedure. Local resolutions were calculated using either
Resmap (Swint-Kruse and Brown, 2005) as a stand-alone package or
implemented through Relion. Local resolutions for maps refined in cryoSPARC
were calculated using blocres as implemented in cryoSPARC (Punjani et al.,
2017) to provide heat-maps displaying resolution fluctuations across a given
map.
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2.4.5 Signal subtraction (SAMHD1)
Signal subtraction was performed using the procedures detailed in
RELION 2.1 (Kimanius et al., 2016). Specific refinement schemes detailing
these procedures are provided in the relevant results chapters. Briefly, particles
to be used for these protocols were taken from a 3D auto-refine jobs. Masks
were generated within the Relion GUI for the region to be subtracted. The
relion_image_handler command was then used to produce appropriate masks
by subtracting the mask for the region to be retained from a cubic mask of the
particle box size with all values set to 1 (white). The final result was a mask with
all regions to be kept defined by a pixel value of 0 and regions to be subtracted
from the particle images represented by a pixel value of 1. Immediately after
removal of signal, confirmation of selection for the area of interest was acquired
by running an alignment-free 2D classification.
All 3D classification steps carried out on particle images containing only
features of interest were performed without re-alignment of the images. Initial
references for 3D classifications were taken either from 3D maps of nonsubtracted refinements using focussed masks over the region of interest or by
generating maps of just the region of interest by erasing unwanted density in
UCSF Chimera (Pettersen et al., 2004).
After 3D classification, particles representing classes of interest were
selected as detailed in section 2.4.4 for subsequent auto-refinement of the
region of interest map. Each class was refined separately using subtracted
particles. After auto-refinement, the subtraction protocol was employed to
attach the alignment parameters generated from these refinements to particle
images of refinements that had not undergone signal subtraction. These
reverted particles were then refined using focussed masks and restricted
alignment parameters to generate final maps.
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2.5 Model building and analysis
2.5.1 Model building and refinement HML-2
Maps of HML-2 T=1 and D5 were segmented using the Seggar tool as
implemented in UCSF Chimera (Pettersen et al., 2004). Densities for a
pentamer (T=1) and a hexamer (D5) were carved out of these maps and
imported into the CCPEM (Burnley et al., 2017)suite for conversion into mtz
files using MRCtoMTZ (Brown et al., 2015). X-ray and NMR structures for the
Ntd and Ctd respectively were docked as rigid bodies into EM maps using
UCSF Chimera. Docking was further optimised in Coot using the JiggleFit and
Morphing tools (Brown et al., 2015). Once docking of the individual domains
was complete for one monomer (T=1) and for all Ntd and Ctds (D5 hexamer),
one round of real-space refinement using the Phenix package (Afonine et al.,
2018) was performed to optimise fit, using secondary structure restraints
throughout. After one round of refinement, models were manually built into
densities lacking models using the Ca baton mode as implemented in Coot.
Once missing regions were fully built, the monomer model for the T=1 pentamer
was repeated around the symmetry axis using non-crystallographic symmetry
(NCS) identification and application tools implemented in Phenix to fill the
pentamer density. In the case for the hexamer acquired from the D5 map, each
monomer was manually built individually owing to imperfect six-fold symmetry
as discussed in Chapter 3. Once built, one more round of real-space refinement
was performed again maintaining secondary structure restraints as necessary.
Once monomers for the pentamer and each unique interface for the
hexamer had been built and refinement converged, they were then used to
build appropriate asymmetric units for the whole maps of T=1, D5, D6 and T=3
symmetry. These units were comprised of: one monomer (T=1), nine monomers
(D5 and D6) and monomers (T=3) to reflect their map symmetries. These
symmetrically related units were then subjected to multiple rounds of real-space
refinement, applying NCS and secondary structure restraints throughout. At the
end of each round, output statistics were generated using MolProbity (Williams
71

Chapter 2 Materials and Methods

et al., 2018) and rebuilding performed according to Ramachandran outliers,
rotamer outliers, CaBLAM scores and overall clash scores. Overall quality of fit
was also assessed using map vs model FSC curves throughout refinement.
Once all scores had converged on minimum values (low clash scores, low
MolProbity scores, minimal Ramachandran outliers), one final round of realspace refinement of the model against the map was run as previously described
with assignment of atomic displacement (B) factors. Upon completion of
refinement final generation of statistics and map vs model FSCs were
calculated using the comprehensive validation protocols as implemented in
Phenix.
Generation of complete pdb models for the maps was performed in
Chimera using the symmetry expansion of each asymmetric unit against their
respective maps using the command below:
sym (model) group (symmetry) CoordinateSystem (map) center (x,y,z center of map)

In the case of the D3 map, refined monomers of Ntds and Ctds prior to
linker building were rigid-body docked into density in UCSF Chimera (Pettersen
et al., 2004). No real-space refinement protocols were employed on this map
and model.
2.5.2 Model building and refinement SAMHD1
Complete maps of the SAMHD1 tetramer were used for all model
building and refinement. Final refined maps were converted to mtz files using
MRCtoMTZ as implemented in the CCPEM software suite (Burnley et al., 2017)
(Brown et al., 2015).
Models of the HD tetramer (PDB 4BZB, 4BZC or unpublished in-house xray structures) were initially docked into maps using rigid body docking tools
implemented in UCSF Chimera. Docking of individual monomers were further
optimised with JiggleFit and/or Morphing implemented within the Coot v8.9.1
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software package (Brown et al., 2015). Once fitted, one round of real-space
refinement was performed within Phenix1.14 (Afonine et al., 2018)as described
above: implementing secondary structure and NCS restraints as necessary.
Prior to refinement, ligands bound in the active and allosteric sites were
adjusted to match those added to each sample. In cases where ligands were
standard NTPs/dNTPs, libraries already embedded within Phenix were used
during refinement to restrain the ligands. In the case of XTP and dNTP
analogues, the ligand tools within Phenix1.14 (eLBOW, Reel and ReadySet)
(Afonine et al., 2018)were used to initially build ligand and generate cif files
containing restraints for subsequent real-space refinement. Models containing
ligands were then subjected to multiple rounds of real-space refinement
applying secondary structure restraints and ligand restraints throughout. At the
end of each round, output statistics were generated using MolProbity (Williams
et al., 2018) and side-chain coordination optimised to correct Ramachandran
outliers, rotamer outliers, CaBLAM scores and overall clash scores whilst
maintaining fit to the density. Overall quality of fit was also assessed using map
vs model FSC curves throughout refinement. Once all scores had reached
optimised values and converged, one final round of real-space refinement was
run as previously described with the assignment of atomic displacement (B)
factors. Upon completion of refinement final generation of statistics and map vs
model FSCs were calculated using the comprehensive validation protocols as
implemented in Phenix1.14. (Afonine et al., 2018)

2.5.3 Structure alignments, structure-based sequence alignments and
structural analysis
Structures were run through the PDBeFold server
((http://www.ebi.ac.uk/msd-srv/ssm) to determine best structure alignment of Calphas and C-betas searching against known deposited structures for capsids
(Krissinel and Henrick, 2004). Default settings were used (70% lowest
acceptable match, individual chain match on, connectivity match on) and were
sorted according to Z-score. Best matches from PDBeFold along with search
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structure were uploaded to ProMals3D webserver
(http://prodata.swmed.edu/promals3d/promals3d.php) for structure-based
sequence alignment with default settings (Pei et al., 2008). Output from
ProMals3D server was then uploaded to BOXSHADE 3.2 server
(https://embnet.vital-it.ch/software/BOX_doc.html) using default settings to
colour-code for consensus. Cartoon schematics of secondary structure
elements pertaining to reference structure sequence were added and coloured
in Adobe Illustrator. Interface analysis was assisted by running structures
through the PISA server (http://www.ebi.ac.uk/pdbe/prot_int/pistart.html)
(Krissinel and Henrick, 2007).

2.5.4 A note on model and map representation
Where models are shown with map density, figures were generated in
PyMOL and density isolated for the regions of interest using the isomesh
carved command and density displayed at >3s.
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Chapter 3.

Structural Characterisation of mature

HML-2 Capsid Assemblies
3.1 Introduction
Currently, detailed molecular knowledge of the interactions that govern
retroviral capsid assembly comes mainly from crystallographic studies. The
majority of these are of the HIV-1 capsid protein formed as a hexamer or
specifically mutated and cross-linked to form a pentamer. These structures
provide high levels of detail explaining the interactions that govern assembly of
hexamers and pentamers as detailed in section 1.6. Furthermore, low resolution
structures from RSV (Cardone et al., 2009, Keller et al., 2013) and HIV (Mattei
et al., 2016) demonstrate the different curvatures that occur when forming
higher order assemblies. However, detailed, high-resolution information on what
governs these interfaces and the mechanism of switching required to form such
flexible morphologies remains unknown. This study looks to establish the
molecular basis for mature retroviral capsid assembly through structural
elucidation of the mature capsid of HML-2, generated from the consensus
sequence for HML-2 Gag described previously (Lee and Bieniasz, 2007).
Details from these structures provide the first structural information of a fulllength, mature b-retrovirus and the first structure of an endogenous retroviruses
in addition to addressing the questions of how CA protein adopts different
morphologies.
The laboratory of Ian Taylor lab had earlier determined the X-ray structure
of the N-terminal domain and an NMR structure of the C-terminal domain (David
Goldstone, Giuseppe Nicastro, unpublished data). In collaboration with the
Taylor Lab, two closed-shell assemblies of HML-2 capsid had also been
determined in high-salt conditions by single-particle cryoEM to sub-nanometre
resolution (Tim Grant, unpublished data). The goal of the work described in this
chapter was to determine a near atomic resolution structure for HML-2 capsid
protein assembled into fullerene morphologies by single-particle cryoEM.
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3.2 Expression, Purification and Assembly of HML-2 CA
fullerene shells
Prior to the start of this project, conditions for the expression of full length
HML-2 CA had been optimised. Codon optimised HML-2 CA was cloned into a
pET22 vector containing a C-terminal His6-tag (Neil Ball, personal
communication). His-tags were selected not only for purification purposes but
also as a potential anchor for binding capsid to lipid nanotubes as has been
performed previously on HIV and MLV (Hilditch et al., 2011). Due to the nature
of the fold of orthoretroviral capsid proteins, N-terminal His-tagging was not an
option as this would have occluded the folding of the N-terminal b-hairpin.
Two litres of bacterial culture were purified at a time to provide sufficient
protein for structural analysis. To purify FL HML-2 CA, a three-stage purification
protocol was employed using nickel-affinity, anion-exchange and finally gel
filtration to produce pure protein. A final gel filtration run with inset gel is
displayed in Figure 3.1 A. Unlike purification protocols employed for most other
recombinantly expressed retroviral capsid proteins, an anion-exchange step
was necessary to remove a double band that ran just underneath the desired
band on SDS-PAGE gels. Previous mass spectrometry analysis carried out on
this second band revealed that it corresponded to a cleavage of the N-terminal
loop region between the two b-hairpin strands. Although not predicted to have
any effect on capsid assembly, removal of this degradation product was
preferred to allow for imaging of constructs capable of resolving full length
models (Ian Taylor, personal communication).
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Figure 3.1 Purification and assembly of HML-2 fullerene shells

(A) Final size exclusion run on an S200 16/60 with fractions collected over 1.1
column volumes. A280 absorbance (blue) measured using left y-axis and
conductivity (red) with right y-axis. (B) Superose 6 run of HML-2 after 2-hour high
slat incubation. Assemblies and monomer peaks indicated. (C) Representative
negative stain image of HML-2 collected at 30000x (7Å/pix). (D) Zoomed view of
region indicated in (C) with lines drawn showing diameters of 240Å (left) and 230Å
(right) suggesting multiple species present.

In order to assemble higher-order structures for analysis by CryoEM,
samples were incubated in a 1.4M high salt buffer for 1 to 2 hours at 4oC.
Analytical ultracentrifugation experiments (performed by Ian Taylor) had
suggested that multiple assemblies were being produced through incubation in
1-2M salt. Furthermore, subsequent to incubation, assembled capsids could be
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separated from monomers through gel filtration on a superpose 6 10/300
column allowing analysis of the overall assembly success. Figure 3.1 B shows
an example of the assembled shell purification, with a clear separation of
assembled species from monomer. In order to provide confirmation that the
assembly peak corresponded to higher-order structure, as well as to optimise
the sample for subsequent cryoEM, negative stain grids were prepared (Figure
3.1 C) revealing that these assemblies are indeed ordered, with spherical and
capsular assemblies (Figure 3.1D) observed throughout.

Figure 3.2 Optimising cryoEM grid preparation.

(A) Representative micrograph of frozen holes when HML-2 was diluted
immediately prior to 3µL drop application on grid. (B) Representative micrograph of
frozen holes when multiple rounds of sample application were performed.
Specifically, a 2µL droplet of undiluted sample was applied, blotted for 0.5s
followed by a 2µL droplet of no salt Tris buffer before final 5s blot and plunge. Both
images were collected at a nominal magnification of 18000x on a Tecnai Spirit with
a 5µm defocus. (Scale bars=40nm)

When preparing samples for plunge freezing, attempts to plunge-freeze
samples in assembly buffer (1.4M NaCl) produced non-vitreous ice. Therefore,
experiments suggested it was necessary to reduce the buffer salt concentration
to below 200-300mM NaCl. Without such dilution, producing vitreous ice of
sufficient quality for high resolution data collection would not be possible.
Therefore, initial attempts were made at plunge freezing whereby the sample
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was concentrated up to >5mgml, allowing for in-tube dilutions immediately
before acquiring sample in the Vitrobot. Several attempts at producing samples
by this method were effective in reducing the salt concentrations to produce
vitreous ice. However, particle count in all these samples remained consistently
low, averaging 5-10 particles per field of view. Therefore, in order to keep
particle concentration high, a method of multiple application followed by a buffer
exchange (as descried in Chapter 2.3.3) was employed. Through this approach,
no final gel filtration step was run to separate assemblies from monomer.
Furthermore, to reduce the amount of buffer added onto the grid and maintain
better reproducibility over ice thickness, droplet sizes were reduced from 3µL to
2µL. Each 2µL was added one at a time in the Vitrobot chamber, blotted for
0.5s prior to addition of a second 2µL droplet and further 0.5s blot. Finally, 2µL
of buffer gel filtration buffer containing no salt wad added prior to a final blot of
5s to produce a thin layer of capsid assemblies in vitreous ice Although this
introduced unassembled monomer into the sample for plunge-freezing, avoiding
the column had potential for observing ever larger assemblies that would
otherwise be discarded from the void volume of the column. Figure 3.2 shows
120kv representative images for samples prepared by dilution (figure 3. A) and
by multiple application and buffer exchange (figure 3.2 B).

3.3 CryoEM Structure Determination
3.3.1 Initial classification reveals at least four distinct architectures
Data were collected on a FEI Titan Krios equipped with a Falcon III. As
detailed in section 2.3.5, a total of 10,935 movies were collected for HML-2 at a
sufficient pixel size (1.09 Å/pix) for high resolution structure determination. A
representative, motion corrected micrograph from the data collection is shown
in Figure 3.3A with its corresponding FFT in Figure 3.3B, showing sufficient
signal to noise to observe the ice ring at 3.7 Å. In addition to these data, a
further 260 movies were collected as tilt-pairs: whereby the same field of view is
imaged both at 0o and 20o tilt.
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Once collected, motion corrected and CTF profiles were estimated, a
total of 1,498,437 particles were picked using 2D templates generated from
4,000 manually picked particles from the same dataset. These particles were
extracted into 576x576 pixel boxes, binned two-fold and subjected to 2D
classification to produce classes shown in Figure 3.3 C-F. In total, 1,218,119
particles went into classes representing protein density. As can be seen in
Figure 3.3, 2D classes already showed a clear distinction in different structures.
Small, icosahedral species (Figure 3.3 C) with consistent particle diameter of
225Å were the most abundant species (715,082 particles) followed by two
distinct capsular architectures (Figure 3.3 D-E) with a combined particle count
of 241,787. Figure 3.3 C and D also produced class averages which agreed
with previously characterised structures of HML-2 shells (Tim Grant,
unpublished data). Finally, the remaining 2005 particles (Figure 3.3 F) appeared
to show a distinct, multi-layered species with a diameter of 350Å for the outer
layer. The final two classes in Figure 3.3F would prove to be unresolvable 3D
refinement from this dataset. However, comparison of these to similar classes
found in a previously collected small dataset (detailed later in 3.3.6) would
reveal these particles as members of a fifth distinct species of capsid assembly.
After 2D classification and subsequent sub-division of the particle stacks
according to the species described above, each stack was classified and
refined in three dimensions according to the scheme detailed in Figure 3.4.
Details of the refinement of each species are described in the corresponding
subsequent sections.
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Figure 3.3 CryoEM data and initial characterisation shows multiple architectures

(A) Representative aligned movie of HML-2 high resolution data collection (scale
bar 25nm) and (B) Fourier transform of same image showing clear Thon rings. (CF) Representative 2D classes corresponding to distinct species identified upon
classification of the whole dataset order by decreasing levels of abundance. (C)
T=1 comprised of 715,082 particles, (D-E) capsular species comprised of a
combined 241,787 particles and (F) 2005 particles some of which belong to a
larger, T=3 icosahedral species (1st and 4th image on row).
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Figure 3.4 CryoEM image processing of HML-2 maps

An overall refinement scheme highlighting the software packages used at each
stage. Only unique steps are shown for the refinement scheme. In the cases of 2D
and 3D classifications, multiple rounds of classification were employed to identify
high-resolution particles images corresponding to capsid assemblies for
refinement. All cisTEM refined particle stacks were first subjected to a Relion 3D
auto-refine before switching software packages. 3D classification without alignment
was only performed for T=1 owing to the abundance of particles coupled with its
symmetry to push resolution. All other species proved too particle limited for such a
step. T=3 was further particle limited and so only a single class was homogenously
refined
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3.3.2 T=1
Analysis of the 2D classes suggested that the smallest, most abundant
species of HML-2 architecture would display icosahedral symmetry comprised
of 12 pentamers, similar to the T=1 capsid of RSV reported by Cardone et al.
Nevertheless, initial models in cryoSPARC were obtained imposing no
symmetry (C1) and icosahedral symmetry was only introduced for 3D
classification in RELION 2.1. After two rounds of 3D classification, a subset of
121,357 particles were selected for 3D auto-refinement yielding a
reconstruction at 3.0 Å resolution, showing clear side-chain density throughout
the map. To further improve map resolution, a further round of 3D classification
was run with performing image alignment and without symmetry imposed to
isolate those particles best contributing to the higher resolution features. This
produced a final subset of 64,731 particles which were transferred into cisTEM
to take advantage of per particle CTF refinement from frealign which can be
implemented in the manual refinement protocol. The final result was a
reconstruction at 2.75 Å (Figure 3.5 E) resolution according to FSC 0.143
criterion. Local resolution estimates (Figure 3.5 C and D) show the majority of
the map to be at a resolution better than 3.0 Å, providing sufficient resolution for
model building throughout. Just as in the case of RSV, the map was consistent
with an assembly of only twelve pentamers of mature capsid. Details of the
architectures are discussed further in section 3.4
Considering frealign does not perform gold-standard half map refinement
protocols and instead allows for users to control the highest resolution shell to
be used in image alignment and refinement, a high-resolution refinement limit
must be implemented. In this instance, a value of 5.0 Å was employed. The
FSC continued at 1.0 beyond 5.0 Å suggesting there was no overfitting within
the structure. In addition, half maps from the final cisTEM refinement were
generated for subsequent post-processing through relion for validation. A final,
sharpened map can be seen in Figure 3.5 A and B. A complete set of
refinement statistics can be found in Table 3.1.
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Figure 3.5 T=1 map final reconstruction

(A) & (B) Two views looking down a five-fold and a three-fold symmetry axis of the
T=1 shell respectively. (C) & (D) The same two views as above coloured according
to local resolution values (left colour scale) as determined by ResMap. Views are
also sliced to view inside of shell. (E) Final map FSC (blue) showing a cutoff value
at 0.143=2.75Å. Red line represents map vs model FSC calculated from final
model refinement in Phenix showing a 0.5 FSC cutoff value = 3.0Å. (F) Particle
distribution plot for final reconstruction coloured according to number of particles as
indicated by scale on right hand side.
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3.3.3 D5 Capsule
Initial attempts to resolve the capsular species involved subjecting all
241,787 particles selected from the 2D classification to 3D using a single
reference generated from cryoSPARC as an initial reference. However, even
through one round of 3D classification, it became apparent that these capsular
views corresponded to more than one unique species, a feature that can be
confirmed by taking measurements of the dimensions of 2D averages.
Therefore, as detailed in the refinement scheme on Figure 3.4, the particles
were split into two separate stacks for further 3D classification: one of 153, 442
particles and another of 88,345 particles.
The stack of 153, 442 particles was subjected to further rounds of
classification to identify the best particle stack in a similar fashion to that
described for T=1. This classification was focussed on the removal of any T=1
particles in this stack due to the identical class found at the T=1 and D5 five-fold
symmetry axis (Figure 3.6 A and B). Figure 3.6 details the identification and
removal of these particles.
Once any particles belonging to T=1 had been removed, a final stack of
93,221 particles was taken through an identical refinement approach to that
described for T=1, utilising both Relion and cisTEM’s manual refinement
procedures. This produced a final map of 3.18Å (at FSC0.143) (Figure 3.7 A&B)
with many features of the map resolving to 3.0Å or better according to local
resolution (Figure 3.7 C&D). The map of this species showed consistent
features to T=1 at then poles of the tube (each comprised of 6 pentamers or
half the T=1 icosahedron). However, this architecture was elongated by the
inclusion of five hexamer assemblies of capsid forming a ring between these
two halves. Further details are discussed in section 3.4
Once again, to prevent overfitting, high resolution limits for refinement
were iteratively set so as to avoid using values where FSC correlation dropped
below 1.0. Half-maps were also generated from the final refinement for post85
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processing through Relion for further validation. A complete set of refinement
statistics can be found in Table 3.1.

Figure 3.6 Sub-classification of D5 shows similarity to T=1

(A) 2D class average that shows the 5-fold symmetry view that is found both in the
T=1 map (B) and the end of the D5 capsule (C), both shown as sliced map surface
to identify the view of interest. (D) Asymmetric 3D classification of D5 capsule
particles reveals T=1 particles that couldn’t be isolated away from D5 particles by
2D classification. Classes (reading horizontally from top left) 3, 4 and 6 show
evidence of these particles making their way into the classes. Class 3 (top right)
shows best example whereby T=1 map (red) has been rigid body docked into the
D5 class.
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Figure 3.7 D5 map final reconstruction

(A) & (B) Two views looking down the two-fold and five-fold symmetry axis of the
D5 capsule respectively. (C) & (D) The same two views as above coloured
according to local resolution values (left colour scale) as determined by ResMap.
Views are also sliced to view inside of shell. (E) Final map FSC (blue) showing a
cut-off value at 0.143=3.18Å. Red line represents map vs model FSC calculated
from final model refinement in Phenix showing a 0.5 FSC cut-off value = 3.3Å. (F)
Particle distribution plot for final reconstruction coloured according to number of
particles as indicated by scale on right hand side
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3.3.4 D6 Capsule
After the initial round of 3D classification of the capsular species as
described above, the remaining 88,345 particles appeared not to conform to D5
symmetry during subsequent 3D classification. A subset of approximately 8,000
(10%) of these particles were selected for a fresh round of ab-initio model
generation through cryoSPARC. The best asymmetric model from these
particles also appeared to form a capsular species, but one that was capped at
either end by a hexamer rather than a pentamer. Therefore, subsequent
classification of these particles was performed separately from the D5 capsular
species running with both C6 and D6 symmetry.
The best, final reconstruction calculated in cisTEM was resolved with D6
symmetry imposed from 16, 723 particles to 3.77Å resolution (Figure 3.8) with
local resolution estimates ranging from 3 Å – >5.0Å resolution towards the
periphery and linker regions (Figure 3.8 C&D) As mentioned above, unlike the
D5 capsule, the poles of this species are capped with a hexamer rather than a
pentamer. This lead to a structure comprised of 8 hexamers and 12 pentamers
whereby two rings of 6 pentamers flank a ring of 6 hexamers which are capped
at both ends by the last 2 hexamers. A more detailed description of the
morphologies can be found in section 3.4 and refinement statistics in Table 3.1
3.3.5 T=3
Once the species above had been classified and resolved, 2005 particles
remained, represented by four unique classes detailed in Figure 3.3F. Two of
these classes (numbers 1 & 4) showed morphology suggesting another, larger
icosahedral species might be present in the data. Therefore, of the remaining
particles, the 748 corresponding to these classes, after removal of poorly
classified particles, were run through cryoSPARC for ab-initio model generation
and subsequent refinement. Several iterations of initial model generation were
tested using different subsets as references for homogenous refinement.
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Figure 3.8 D6 map final reconstruction

(A) & (B) Two views looking down the two-fold and six-fold symmetry axis of the D6
capsule respectively. (C) & (D) The same two views as above coloured according
to local resolution values (left colour scale) as determined by ResMap. Views are
also sliced to view inside of shell. (E) Final map FSC (blue) showing a cut-off value
at 0.143=3.77Å. Red line represents map vs model FSC calculated from final
model refinement in Phenix showing a 0.5 FSC cut-off value = 4.0Å. (F) Particle
distribution plot for final reconstruction coloured according to number of particles as
indicated by scale on right hand side
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The best result yielded a structure of 4.66Å from 359 particles refining
with icosahedral symmetry. In this case, particles were isolated prior to ab-initio
model calculation and subsequent refinement. Attempts to re-introduce some of
the discarded either lead to no improvement of the map or worsened the map
both qualitatively and in terms of resolutions reported. Importing this refined
map and selected particles into cisTEM for manual refinement (with a highresolution refinement limit of 10Å) improved the overall map resolution to 4.34 Å
(map and FSC shown in Figure 3.9) with local resolution ranging from
approximately 4.0Å-7.5 Å. This resolution prevents de novo model building into
this map but was sufficient to interpret interfaces described later when couple
with the side-chain information determined from the higher resolution models.
The T=3 shell presented a unique feature not found with any of the other
species resolved. Upon refinement of the final map, both within cisTEM and
cryoSPARC, a large density inside the shell was observed at considerably
higher contour levels than that of surrounding noise (Figure 3.10A). In fact,
upon taking rough measurements of the inner density, it appeared to show
consistent diameters to that of the T=1 icosahedron (2.2-2.3nm). With that in
mind, the particles used in the final reconstruction of T=3 were re-classified
using a focussed mask for the inner density and a T=1 map as an initial
reference low-pass filtered to 50 Å. The result (Figure 3.10C&D) of this
refinement showed that this inner layer does indeed correspond to a T=1 shell
at 5.5Å, with the model built for T=1 docking in with an overall correlation of
0.92 according to UCSF Chimera’s rigid body docking tools.
Although the inner density and outer density could each be resolved with
icosahedral symmetry to produce a T=1 and T=3 shell respectively, attempts to
resolve them together proved unsuccessful. As both were solved using
selective masks and applying the same symmetry, angular assignments from
one classification did not necessarily correspond to meaningful values for the
other. Indeed, closer inspection of the angular assignments between each
refinement showed no characteristic transformation could be determined to
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switch from refinement to the other. Therefore, despite the presence of a
multiple layered shell in every particle used for calculation of the T=3 shell, no
consistent contact was observed between these two to suggest specific
orientation of T=1 within T=3. Nevertheless, the presence of this species within
every particle of T=3, coupled with the relative abundance of smaller species vs
larger ones (in particular T=3) throughout the whole dataset does suggest that
T=1 may be stabilising the formation of T=3.
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Figure 3.9 T=3 map final reconstruction

(A) & (B) Two views looking down the five-fold and two-fold symmetry axis of the
T=3 icosahedron respectively. (C) & (D) The same two views as above coloured
according to local resolution values (left colour scale) as determined by ResMap.
Views are also sliced to view inside of shell. (E) Final map FSC (blue) showing a
cut-off value at 0.143=4.34Å. Red line represents map vs model FSC calculated
from final model refinement in Phenix showing a 0.5 FSC cut-off value = 5.0Å. (F)
Particle distribution plot for final reconstruction coloured according to number of
particles as indicated by scale on right hand side
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Figure 3.10 The T=3 assembly is a multi-layered shell

(A) Central slice through the T=3 shell highlighting the additional, noisy density on
the inside (indicated with red line). (B) 2D classes for T=3 shell showing clear two
layers of density. (C) Central slice of refined T=1 map (blue) resolved when taking
T=3 particles and refining with mask as indicated by red line in (A). Grey circle
shows now unaligned density corresponding to T=3 shell. (D) Docking of (C) into
(A) showing relationship and size difference between the two maps. (E) Docking of
T=1 model calculated from its respective map (described in 3.4) into inner-layer
T=1 map showing inner-layer to be a true T=1 shell (correlation score of 0.92)

3.3.6 A final D3 species identified through processing alternative dataset
After all particles corresponding to the 2D classes shown in Figure 3.3 had
been classified into their respective 3D maps, there remained two classes
unaccounted for representing 1,257 particles. Attempts to further classify these
particles in isolation did not produce interpretable reconstructions. However, a
previously collected dataset had shown some additional classes not seen in this
dataset (Figure 3.11 A&B). Upon extracting of the particles unique to these data
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from this smaller data collection, a subset of 1,558 particles were identified, 2D
classified (Figure3.11 B) and refined through cryoSPARC. The final result of
this was a map of 7.75Å global resolution with local resolution ranging from 5.0>9.5Å (Figure 3.11 C&D). All refinements were initially performed in C1 and it
wasn’t until the final refinement that a D3 symmetry was identified for final map
calculations. Although the map showed clear anisotropy, with a 3DFSC
sphericity value of 0.81 and cryoEF score 0f 0.6, models for the Ctd and Ntd
from higher resolution maps were successfully docked. This showed the overall
assembly to be of similar configuration to the D6 capsule, with 8 hexamers and
12 pentamers, but formed in such a way as to produce two faces of 4 hexamers
each capped at each vertex by a four pentamer array. Further details of all the
modelled assemblies are described in 3.4.
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Figure 3.11 D3 map final reconstruction

(A) & (B) Two views looking down the three-fold and two-fold symmetry axis of the
D3 symmetrised morphology respectively. (C) & (D) The same two views as above
coloured according to local resolution values (left colour scale) as determined by
blocRes implemented in cryoSPARC. Views are also sliced to view inside of shell.
(E) Final map Gold Standard FSC (purple). Other FSC curves differ as indicated.
Blue line represents 0.143 FSC cutoff with resolution=47.76Å. (F) Particle
distribution plot for final reconstruction coloured according to number of particles as
indicated by scale on right hand side. Unlike cisTEM plots shown in previous figures,
cryoSPARC particle distributions are plotted in radians.
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Magnification
Voltage (kV)
Total exposure
Defocus range
Pixel size
Initial particle
stack
Final particle
stack
Map resolution
(0.143 FSC
threshold)
Model
resolution
(0.5/0.143 FSC
threshold)
Map B-factor
Model
composition
Nonhydrogen
Protein residues
Ligands
Mean B factors
Protein
R.m.s
deviations
Bond lengths
Bond angles
Validation
MolProbity
scores
Clashscore
Poor rotamers
(%)
Ramachandran
plots
Favoured (%)
Allowed (%)
Disallowed (%)

T=1
75,000x
300
30
-1.0 - -3.5
1.09
715,082

D5 Tube
75,000x
300
30
-1.0 - -3.5
1.09
153,442

D6 Tube
75,000x
300
30
-1.0 - -3.5
1.09
88,345

T=3
75,000x
300
30
-1.0 - -3.5
1.09
748

64,731

93,221

16,723

398

2.75

3.18

3.77

4.34

3.0/2.8

Model Refinement
3.4/3.3
4.1/3.8

5.0/4.4

-90

-90

-90

-90

103,860
13,320
0

156,280
19,910
0

185,208
23,580
0

307,680
39,240
0

93.77

65.72

215.72

74.78

0.006
0.878

0.009
0.970

0.007
0.939

0.006
1.017

1.69

1.43

1.72

1.83

1.41
6.49

3.20
0.24

7.06
0.66

8.09
0.00

96.79
2.75
0.46

95.43
4.26
0.31

95.22
4.63
0.16

94.22
5.47
0.31

Table 3.1 HML-2 map and model refinement statistics
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3.4 HML-2 demonstrates canonical orthoretroviral Ntd and Ctd
folds
3.4.1 All species show fullerene morphology
Using the maps calculated from the single-particle reconstructions,
complete models of full length HML-2 capsid were able to be built and
assembled to match the architectures observed. Figure 3.12 shows various
regions of density from the T=1 and D5 maps for pentamers and hexamers
respectively. These maps clearly showed sufficient detail to facilitate model
building of monomers and of the interfaces that occur at both the intrapentamer/hexamer as well as the inter-oligomer interfaces. A previously
resolved crystal structure (Ian Taylor, personal communication) of the Ntd (1149) was initially docked into the map and showed little variation when
compared to the density found within the EM maps. Similarly, a structure of a
Ctd dimer resolved by NMR was used to dock into the corresponding regions of
the EM density (Ian Taylor, personal communication). Initial attempts to use the
full dimer showed substantial variability between the NMR structure and EM
density (described in section 3.5) Therefore, individual monomers from the
NMR ensemble were independently docked and the lowest energy state model
used as an initial model.
Once these domains had been docked, real-space refinement was
performed until side chains showed strong fit to the density for both Ntd and Ctd
(Figure 3.12 C, D, I &J). Once refined, linker regions and N-terminal extensions
were manually built (Figure 3.12 E-H) and subsequently whole models refined
again. Due to the symmetry of the density in the T=1 pentamer, one monomer
was built completely before symmetry expansion and subsequent real-space
refinement. In the case of the D5 hexamer, density for the Ntd remained
consistent throughout. However, Ctd density was found not to be in identical
positions throughout the hexamer and quality of the linker density varied as
well. Therefore, to control for this, models for each monomer in this map were
built and adjusted individually prior to real-space refinement of the whole
hexamer.
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Figure 3.12 Model building HML-2 pentamers and hexamers

(A) Pentamer of HML-2 CA built from a T=1 pentamer. (B) Hexamer of HML-2 CA
built from a D5 capsule hexamer. (C&D) Ntd density from T=1 (C) and D5 (D)
showing a2-a3 with density for all side chains clearly visible. (E) N-terminal bhairpin and (F) Ntd-Ctd linker map and model from T=1. (G) N-terminal b-hairpin
and (H) Ntd-Ctd linker map and model from D5. (I&J) Helix 8 form T=1 (I) and D5
(J). Panels show sufficient map detail from N to C terminus to allow for accurate
model building of all monomers required for complete shell model generation
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Figure 3.13 HML-2 full capsid assemblies all show fullerene geometry

All capsid shells for which maps were resolved showing complete assemblies for
T=1 (A)), D5 capsule (B), D6 capsule (C), T=3 (D) and D3 (E). Next to complete
assemblies are representations of only the Ntds (red) and Ctds (cyan) detailing
their individual roles for pentamer/hexamer assembly (Ntds) and overall
architecture assembly (Ctds)
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Refined models from the pentamer and hexamer allowed asymmetric
units for each of the shells to be assembled and refined with their respective
NCS symmetry restraints (as described in 2.5) to produce final overall models of
each of the shells. The overall shells are shown in Figure 3.13. The T=1 shell
(Figure 3.13A) showed an assembly of twelve pentamers of HML-2 CA,
consistent with the smallest possible icosahedral capsid assembly according to
Casper/Klug virus assembly theory (Caspar and Klug, 1962) All other species
also contain twelve pentamers (as is required for closed shell assembly) along
with an increasing number of hexamers. D5 contains five hexamers forming a
ring around the equator (3.13B), D6 contains a six-hexamer equatorial ring
along with two capping (polar) hexamers (3.13C), D3 also contains eight
hexamers with four on each three-fold face (3.13E) and finally T=3 contains
twenty hexamers and twelve pentamers also consistent with Casper/Klug T
numbers (3.13D)

3.4.2 Ntd and Ctd comparisons
Once monomers for the full-length HML-2 capsid had been refined,
backbone atom structural alignments were carried out using the PDBeFold
server (Krissinel and Henrick, 2004). Owing to the availability of known
structures for other retroviral capsids, N-terminal and C-terminal domains were
run separately through the server. Figure 3.14 shows the results of the
alignments against solved crystal structures of two orthoretroviral CA Ntds. The
alignments show that HML-2 shows a clear canonical fold consistent with RSV
and HIV-1. This includes the presence of an N-terminal b-hairpin structure and
a main structured region comprised of six a-helices. Structural alignments for
the Ctd were done in an identical fashion to those performed for the Ntd. As can
be seen from Figure 3.14B, the Ctd of HML-2 (grey) shows near identical
structural alignments to RSV and HIV-1 again, with the conserved four-helix
bundle seen throughout. In this particular instance, the NMR structure of the
HML-2 Ctd was used in the alignment. Therefore, taking into account alignment
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of the conserved four helices, Figure 3.14B shows similarly close agreement
between HML-2 and all other retroviral Ctds.

Figure 3.14 Ntd and Ctd alignment shows canonical retroviral CA folds for HML-2

(A) Ntd alignment of HML-2 (grey) against MPMV, RSV and HIV-1 showing
conserved secondary structure elements consistent in HML-2. This is supported by
Z-score from PDBeFold server of 7.1, 9.0 and 6.6 respectively, with higher Z-score
indicating stronger fit. RMSDs for these alignments were 1.90, 1.44 and 2.16 Å
respectively. (B) Ctd alignment for HML-2 against MPMV, RSV and HIV-1 coloured
as above. Z-score from PDBeFold server of 1.85 and 1.5 for RSV and HIV
respectively. RMSDs for these alignments were 0.96, 1.85 and 1.5 Å. MMV Ctd
was aligned manually from an immature Ctd structure and thus no Z-score was
recorded (alignments performed by Dr. Neil Ball)

3.4.3 HML-2 Ntd shifts in pentamer/hexamer compared to RSV & HIV
Although the individual domains of HML-2 CA Ntds and Ctds showed
high levels of alignment to monomers of many other retroviruses, these capsid
proteins do not carry out their functions as isolated monomers. Therefore,
analysis of the conformational variability found within the context of pentamers
and hexamers was necessary to gauge overall structural similarity. Indeed,
analysis of these pentamers and hexamers revealed clear conformational shifts
in the positioning of both the N and C terminal domains. Figure 3.15 details the
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conformational variability observed between pentamers and hexamers when
comparing HML-2 to RSV and HIV capsid assemblies. Comparisons were
limited to these two owing to the lack of full-length, mature capsid structures
available for the others. Nevertheless, these comparisons provided clear
differences between HML-2 and its nearest related members, the
alpharetroviruses (RSV) as well as the next nearest relative in lentiviruses
(HIV).
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Figure 3.15 Structural variation in HIV, RSV and HML-2 pentamers

(A-C) Top and side views for HIV (PDB: 5MCY) (A), RSV (built from PDB: 1EM9
and 3G1I docked into EMD 5772) (B) and HML-2 T=1 (C) pentamers. (D) Central
slice through structure alignment of all three according to their Ctds, showing
overlapping centres of mass (COM) for the respective Ctds. Ntd COMs are
indicated and coloured as above. (E-F) CA monomers of HIV and RSV (E) and HIV
and HML-2 (F) extracted from alignment in (D) highlighting Ntd shift between the
two. Ntds and Ctds labelled and domain colouring consistent with above.
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Pentamers and hexamers for HIV, RSV and HML-2 were aligned on their
centre of mass for their C-terminal domains owing to the higher degree of
structural similarity for these domains (Figures 3.15). Upon visual inspection of
pentamers of HIV, RSV and HML-2 (Figure 3.15A-C) aligned to each other,
Ctds overlap well, with the largest deviation being a 3.0 Å shift between HV and
HML-2. However, there appears to be a substantial shift in HML-2 for
positioning of the Ntds over the Ctds. This Ntd shift is best captured when
observing the positional change, most notably the vertical shift, of the centre of
mass for the Ntds between HIV, RSV and HML-2 (Figure 3.15D). Whilst a small
shift is observed between HIV and RSV (2.5Å), the centre of mass for all Ntds
in HML-2 drops 7.5Å with respect to HIV CA Ntds. The drop in the centre of
mass can also be observed when comparing alignments of individual
monomers to each other. Superposition of HIV and RSV monomers (Figure
3.15E) according to pentamer alignment shows a relatively small shift in the
Ntds when compared next to the alignment of HIV to HML-2 (Figure 3.15F). In
fact, RMSD values for the Ntds showed deviations of 7.6 Å between HIV and
RSV and, more strikingly, deviations of 17.3 Å between HIV and HML-2. Ctd
RMSD values from the same alignment showed that the Ctd network does not
move much between species, with RMSD values between HIV, RSV and HML2 all between 2.5-3.0 Å. The same observations and degree of shifts were also
observed when comparing hexamers from HIV, RSV and HML-2 as well (data
not shown). Therefore, whilst on an individual domain level, HML-2 shows
strong structural alignment to many retroviral CA structures, differences
observed when comparing pentamers and hexamers shows that HML-2
hexamers in all morphologies resolved adopts different conformations in the
Ntds. A conformation not seen previously amongst other retroviruses. Therefore,
the next approach to take was to understand how the interfaces between these
monomers was shaping these conformations and how this, in turn, governed
different capsid assemblies.
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3.5 Interface analysis between the different architectures
3.5.1 Ntd-Ntd interfaces
The first interfaces to analyse upon completion of the models were those
occurring between adjacent Ntds that form the various pentamers and
hexamers. Previous structures of retroviral capsids resolved by X-ray
crystallography (Pornillos et al, 2009; Obal et al, 2015) have reported the
presence of some polar contacts between alpha helices 1-3 of retroviral CA
Ntds. However, the extent of these interfaces and the requirement for water
molecule mediated contacts remains poorly understood between species.
The HML-2 pentamer displays the tightest Ntd-Ntd interactions
throughout all of the assemblies. Closer inspection of these interfaces, in
conjunction with running these pentamers through the PISA server, shows a
single polar contact (K34-D35/E38) between adjacent a1 helices (Figure
3.16A). This was supplemented by a ring of Q42 residues at the base of each
a1. Although too far apart for direct interaction, the T=1 density showed small
densities which, considering the resolution of this region was approaching 2.3Å,
were assigned as water molecules, allowing for a ring of stabilising salt-bridges
and hydrogen bonds to occur (Figure 3.16B). A final interface was observed at
the base of a1/a2 from one Ntd and a1/a3 from its neighbouring Ntd. This
interface involved two main interactions. Firstly, two tyrosine residues, Y43 and
Y49, appear to form a 90o hydrophobic pocket which interfaces with the carbonchain of a neighbouring K37 side-chain (Figure 3.16C). In addition, a watermediated polar bond network was also observed between S47 at the base of a2
and the backbone carbonyl of S74 at the base of the neighbouring a3 with the
potential for interaction with K37 as well. Once again, clear density for water
(>3s) was observed with favourable distances of 2.4-3.4Å between the water
molecule and the side-chains mentioned (Figure 3.16D).
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Figure 3.16 Pentamer (T=1) Ntd-Ntd interfaces

Panels of model from a T=1 pentamer with density drawn of all interfaces observed
between adjacent CA Ntds. Panels are representative of all species pentamer
interfaces. (A) Interaction between a1-a1 showing the polar contact between K34
to D35 (2.6Å distance) or E38 (3.5Å distance) drawn as black dashes. (B)
Interaction at the base of all a1 in pentamer between Q42 and a coordinated water
molecule between adjacent Q42 residues. Distances of 3.1/3.6Å between waterQ42 drawn. Y43 is indicated where visible as a reference point to other panels. (C)
Hydrophobic interface between K37 from a1 of one Ntd and Y43 on loop between
a1-a2. Dashes drawn all how distances of 3.5-3.8Å. (D) Water-mediated Ntd-Ntd
interface involving same K37 side-chain involved in (C) Water is also coordinated
by S47 from a2 of one Ntd (3.5Å distance) and S74 backbone carbonyl from a3 of
adjacent Ntd (2.6 Å)

The Ntd-Ntd interactions observed in the pentamer were clear to model.
However, when observing these interactions in any of the hexamers from the
D5, D6 or T=3 assemblies, these interactions appeared significantly further
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apart and beyond the distances required for hydrophobic and/or polar
interactions. In the case of the water-mediated interactions, the interpretations
from the D5, D6 and T=3 maps are limited by their resolution and thus water
molecules cannot be appropriately modelled. However, comparisons of the a1a1 K34-D35/E38 interaction and Y42/Y49-K37 hydrophobic contact show that,
in both cases, the helices have all repositioned relative to the pentamer in such
a way that places these side-chains too far apart to contact (Figure 3.17 A-D).
As these panels show, the side-chain interactions that governed the interaction
between a1 helices (K34-D35/E38) (Figure 3.17A) and between the bases of
a1&2 (Y43,49-K37) (Figure 3.18C) have loosened, with K34-D35/E38 distances
moving well beyond polar contact distances (6.8/7.2Å). The other contacts
(Y43,49-K37) still show distances of 4.5-5.0Å suggesting some hydrophobic
interaction is still possible, but in this case Y49 has also moved noticeably
further away producing a less well-packed interface when compared to the
pentamer (Figure3.17C). The other interfaces observed in the pentamer
structures (Figure 3.17B&D) could also not be identified in any of the hexamer
species. Considering the resolution required to identify water molecules, it
remains a possibility that resolution of the maps has hindered interpretation of
these interfaces. However, just as in the two described above, overall distances
between side chains at these interfaces were also observed to have lengthened
to beyond 5Å, suggesting that these interfaces are not as strong in the
hexamers. This relative lack of direct Ntd-Ntd contacts has been observed
before in the case of HIV hexamers (Pornillos et al., 2009) where the majority of
contacts were reported to be water coordinated through a solvent exposed
channel between a2 and a3, whilst MLV structures (Mortuza et al., 2004) also
failed to identify any interfaces that didn’t require water coordination. Therefore,
findings here for Ntd-Ntd interfaces together with those for other capsid
structures suggest that, whilst they play some role in pentamer and hexamer
formation, the overall lack of consistent interactions suggests that other
interfaces are required and potentially more crucial to assembly formation.
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Figure 3.17 Ntd-Ntd interfaces loosen in the hexamer

The interfaces described in Figure3.16 reproduced in the hexamer. (A) K34D35/E38 from a1-a1 contacts showing an increase in distance to 6.8/7.2Å. (B) The
Q42 ring at the base of a1 with distances between them of 8.1/10.3 and 11.1Å
going clockwise from top. No water molecules were observed in density. (C) The
Y43/Y49-K37 interface with contacts now of 4.5-5.0Å between Y43 and K37 carbon
chain. (D) K37/S74-S47 with distances of 6.5Å (S47-Ke7) and 5.4Å (K37-S74) and
no water molecule identified suggesting loss of interaction.
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3.5.2 Ntd-Ctd interfaces
Whilst the interfaces between Ntds do not point to specific side chain
contacts and an obvious mechanism of switching between pentamer and
hexamer, more specific interactions were observed when analysing the
structural differences that occur at the Ntd-Ctd interfaces. This was true for both
Ntd-Ctd interfaces between the same monomer and between neighbouring
monomers.
The various structures of HML-2 showed two regions of Ntd-Ctd
interactions that govern the switching in quaternary conformations: one region
involving interaction between an Ntd and its own Ctd and a second region
defined by the interactions between a Ctd and the adjacent Ntd within the same
pentamer or hexamer. These two regions, along with corresponding map
density demonstrating these interfaces, are detailed in Figure 3.18, with the lefthand column showing the intra-monomer interface and the right-hand column
detailing the inter-monomer interface. It is clear from this that map quality for
T=1 and D5 was of sufficient quality to allow for the interpretation of salt-bridge
and hydrogen bond information at these interfaces, guided by subjecting refined
pentamers and hexamers to interface analysis through the EBI Pisa server.
Analysis of the differences observed in Ntd-Ctd interfaces was performed by
extracting a Ntd-Ctd-Ntd’ (where ‘denotes a neighbouring Ntd in the context of a
pentamer or hexamer) and aligning them all with respect to the first Ntd. These
alignments highlighted three polar interactions that seem to govern domain
binding and their switching across different architectures. In the case of the
intra-monomer the interactions centre on R143 contacts with backbone
carbonyl groups on the Ctd residues of K182/S183 whilst the inter-monomer
interface is dependent on the ability to form contacts between D171-S79’ and
K229-D90’.
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Figure 3.18 Ntd-Ctd interfaces

(A&B) T=1 map and model showing regions forming the interface between Ntd and
own Ctd (A) and Ctd to neighbouring Ntd (B). Map region shown was segmented
out to highlight region of residue contacts. (C&D) Same representation as shown in
T=1 but for D5 Ntd-Ctd contacts from a monomer from a hexamer interfacing with a
pentamer opposite. (E&F) Also same two representations for D6 in this instance
from pentamer of the capsule interfacing with a hexamer. (G&H) T=3 regions from
a hexamer interfacing with another hexamer.
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The first Ntd-Ctd interfaces analysed were those of the T=1 pentamer
and D6 polar hexamer as this provided the basis for the switching from
pentamer to a “perfect” 6-fold symmetric hexamer. Figure 3.19 highlights the
interfaces and their differences between these two conformations. When
forming a pentamer, three clear polar contacts can be identified between R143K182 (backbone CO), D171-S79’ and K229-D90’ all of which showing distances
in the 2.5-3.5Å range (Figure 3.19A&C). However, upon the formation of a
hexamer (Figure 3.19B&D), changes to all three of these contacts occur due to
a shift in the position of the Ctd. In the case of the R143-K182 contact, the top
of helix (a) 7 (where the backbone CO of K182 is positioned) drops away from
the Ntd by approximately 2Å, placing K182 5.3Å away and thus unable to
contact R143. However, this polar contact is recovered through interaction with
the side-chain of Q181 as a result of a 15o swing of the position of a7, reducing
the distance of Q181 to R143 from 5.0-3.1Å.
The interface between Ctd-Ntd’ also shows movements of a similar order
of magnitude. For example, the D171-S79’ contact remains in the hexamer
interface, but the direction of the contact switches (Figure 3.19D inset). This is
brought about by the same 15o swing of a7, displacing D171 by 4.8Å and
moving the contact from 2.5 Å in a near vertical direction to 3.5 Å a skewed
along the axis of the Ctd shift. However, whilst the previous two contacts are
either maintained or are recovered with new interactions, the K229-D90’
interaction is lost as a result of the Ctd shift, moving the two side-chain head
groups from 2.6 Å to 5.1 Å: too far for a recognised polar contact. As alluded to
throughout, the shift in these contacts is all brought about by a conformational
switch of the Ctd relative to its own Ntd. Figure 3.19E shows the alignments of
monomers of the two cases examined here, highlighting the significant angular
shift and slight vertical displacement that takes place in the Ctd to allow for this
switch to occur.
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Figure 3.19 Ntd-Ctd interface switches from pentamer to hexamer

(A) Top view of a T=1 pentamer and (B) top view of the D6 hexamer coloured by
Ntd and Ctd. Different colourings used to indicate different types of monomer. (C)
T=1 Ntd-Ctd-Ntd’ model with key residues for each interface drawn and polarcontacts drawn as dashes. (D) Same Ntd-Ctd-Ntd’ view for the D6 hexamer with
same residues and interfaces labelled and bonds drawn. Inset * shows the shift
between pentamer (C) and hexamer (D) in the context of the D171-S79’ bond with
D171 shift shown as beige dash. Inset ** shows the same shift in the context of the
K229-D90’ interface. (E) Backbone atom alignment of T=1 and D6 polar hexamer
CA monomers showing the relative displacement of the Ctds detailed above.

112

Chapter 3 Results

Once the switch from pentamer to hexamer had been analysed, the next
set of interactions to compare were those from T=3, with particular focus on the
differences observed when interfacing with a neighbouring pentamer or
hexamer. Interactions observed in the pentamer from T=3, and indeed for all
species resolved, showed that they are identical to those seen for the T=1
pentamer. However, when looking at the T=3 hexamer, differences were
observed at both the side-chain and domain level. Two types of Ntd-Ctd-Ntd’
interactions were observed dependent on whether the opposing monomer
interfacing through Ctd-Ctd contacts belonged to either a pentamer or hexamer
(Figure 3.20A). This, in turn, lead to a breaking of the 6-fold symmetry of the
hexamer and instead an adoption of strict 3-fold symmetry (Figure 3.20B).
Comparison of the side-chain specific interfaces that govern this
switching showed, yet again, that the same R143-K182, D171-S79’ and K229D90’ interactions were involved. At the interface between hexamer and
pentamer, the hexameric CA monomer adopted interfaces very similar to those
seen in the pentamers, with all three polar contacts described present (Figure
3.20C). The only observed difference to that of the pentamer was a slight shift
in the direction of the D171-S79’ and K229-D90’ interactions. Alignments of this
monomer to one from a pentamer further suggested little difference should be
observed, with an overall RMSD of 1.054Å. However, at the interface between
hexamer and hexamer, the Ntd-Ctd interactions did show some deviations from
those reported thus far. Whilst the D171-S79’ and K229-D90’ interactions were
preserved, any interactions involving R143 are completely lost owing to a
substantial shift of the Ctd away from the Ntd (Figure 3.20D). Structural
alignments of the two T=3 hexamer chains described (Figure 3.20E) further
highlight the significant shift of the Ctd when interfacing with a neighbouring
hexamer, thus making contacts to its own Ntd unfeasible.
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Figure 3.20 T=3 hexamer shows multiple, unique Ntd-Ctd interfaces

(A) Surface-representation of 2 hexamers and 1 pentamer from T=3 from the top
(top) and side (bottom) with two unique monomers coloured differently and two
different interfaces labelled. (B) Single hexamer highlighting the alternate repeating
nature of the two monomer types. (C) Hexamer-pentamer Ntd-Ctd-Ntd’ showing (as
coloured in A and B) with interacting side chains indicated and labelled. (D) Same
representation for Ntd-Ctd-Ntd’ at a hexamer-hexamer interface. (E) Alignment of
the two monomers from C and D showing the displacement of the Ctds between
the two interfaces.
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Once Ntd-Ctd interfaces for the T=1 pentamer (and by extension all
pentamers), the D6 hexamer (6-fold symmetric) and the T=3 hexamer had been
analysed, that left one set of monomers and Ntd-Ctd interfaces unaccounted
for: those from the equatorial hexamers of the two, capsular species. In fact,
comparison of the hexamers observed throughout these assemblies showed
that the equatorial capsule hexamers also broke the six-fold symmetry of a
“perfect” hexamer, but unlike T=3, displayed a two-fold symmetry axis instead
of a three-fold (Figure 3.21 A-C). Therefore, it was thought that, in a similar
fashion to what had been observed in the Ntd-Ntd interfaces, shifts might be
occurring in the Ntd-Ctd interfaces to accommodate this symmetry pattern.
Three Ntd-Ctd-Ntd’ interfaces were identified, displaying largely similar features
but with subtle differences when compared to each other. The Ntd-Ctd-Ntd’
found at a hexamer-hexamer interface displayed an identical interface to the
T=3 interface found in the same environment, with the D171-S79’ and K229D90’ salt-bridges maintained at the same distances whilst no observable
interactions occurred around R143 between Ntd and its own Ctd (Figure 3.21D).
Analysis of Ntd-Ctd-Ntd’ at the two hexamer-pentamer interfaces showed
that they largely adopted the same conformation and interaction network,
especially around the D171-S79’ and K229-D90’ bonds. The only difference
observed here was a slight switch in directionality of the D171-S79’, with
distances for both interactions in either case occurring between 2.4-2.8 Å.
Furthermore, both these contacts closely resembled those found in the
pentamer. However, the Ntd-Ctd interactions that occur within the same
monomer shows unique contacts (Figure 3.21E&F) not observed in the
pentamer nor showing identical features between the two types observed,
giving rise to a two-fold symmetric hexamer. The key difference observed when
comparing these interfaces to the pentamer or T=3 hexamer-pentamer is
centred around the interactions with R143, where in Figure 3.21 E&F R143
shows bivalent salt-bridges to the main chain carbonyl groups of K182 and
Q181. By contrast, the pentamer interface at R143 only displays a single
contact to the K182 carbonyl, as described previously. In addition, comparing
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the two interfaces here also shows the introduction of an additional salt-bridge
between E146-Q181 (Figure3.22F), an interaction not observed in any other
interface.

Figure 3.21 The equatorial hexamers of capsular species have further unique
Ntd-Ctd-Ntd' interactions

(A) D6 polar hexamer as described in Figure 3.20, (B) T=3 hexamer as described
in Figure 3.21 and (C) a representative equatorial hexamer from D5/D6 capsules.
Monomers are coloured by Ntd and Ctd with different renderings for identical
monomers in a given hexamer. The three * of different colours identify the position
of each of the three interfaces detailed in the bottom half of the figure. (D) Ntd-CtdNtd’ interface at a hexamer-hexamer contact with Ntds and Ctds coloured as in (C).
Side-chain residues associated with Ntd-Ctd interaction are drawn along with
dashes for contacts where present. (E) & (F) Two Ntd-Ctd-Ntd’ interfaces from
hexamer-pentamer contacts as indicated and coloured as in (C). Side-chains and
contacts between them are drawn where present with (F) showing an additional
side-chain drawn for E146 owing to involvement in interaction not seen in (E).
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Comparison of all the interfaces between Ntds and Ctds within a
monomer and to adjacent monomers shows a switching mechanism between
pentamers and hexamers. However, despite the fact these interfaces are reliant
on so few links, their spatial distribution across an entire Ctd demonstrate the
need for large scale conformational shifts of the Ctds from one conformation to
the next in order to maintain these bonds and hold the hexamers and
pentamers together. However, these shifts only describe the switching that is
undergone to assemble pentamers, hexamers and distortions on the latter. In
order to understand the effect of this switching on overall morphology,
comparisons must be made to show how this couples with interfacing between
neighbouring oligomers.
3.5.3 Ctd-Ctd interfaces
The final major interface governing capsid assembly concerns the
interaction between Ctds from neighbouring hexamers and pentamers.
Consistent with the trends observed in the Ntd-Ntd and Ntd-Ctd interfaces,
multiple shifts are observed when observing different interfaces both within the
same architectures and across the different assemblies. Furthermore, unlike the
previously described regions, the Ctd-Ctd analysis benefitted from having a
further assembly for comparison with Ctd dimer structures obtained by NMR
(Ian Taylor lab).
In the NMR Ctd dimer, an extensive array of salt-bridges and hydrogen
bonds were observed when analysing the model in conjunction with PISA
outputs. These involved a core network of interactions between N159-R162E200’-N201’ and the reciprocal (N159’-R162’-E200-N201): all of which showing
bond distances below 3Å. These interactions are further supplemented by two
S157-K214 bonds either side of the core network, producing a strong polar
interface at the base of the Ctd-Ctd dimer (Figure 3.22A). In addition, the
interface is stabilised through hydrophobic contacts between opposing a8 with
residues A189, V192, I193, L196 and M197 all forming a hydrophobic surface
along the entire face of each helix (Figure 3.22B). These hydrophobic
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interactions were further stabilised by D186-K188 polar contacts (from both
helices) producing a closely associated dimer.
Consistent with the other interfaces of the map, one constant Ctd-Ctd
interface was observed for T=1. Closer inspection of the side-chains making
interactions, coupled with PISA outputs, showed some consistency when it
came to the salt-bridge interfaces between the N-terminus of one Ctd and the
base of a8 from the other. Once again, the N159-E200’ contact were observed
at the centre of this network. However, residues R162, N201and K214 in this
interface had now moved too far from each other for salt-bridges. The loss of
these six residues (three from ach monomer) from the interface was somewhat
compensated for by S157 switching its interaction to form a network with E200
and N159 (Figure 3.22C). The a8-a8 interface also shows some level of
consistency with the NMR interface, namely the A189, V192 and I193 residues
continue to produce a hydrophobic interface. However, the other hydrophobic
residues on these helices are no longer able to make contact owing to a large
shift in the position of one helix relative to the other (Figure3.23D), with the
most noticeable difference being a change in the angles at which these two
helices cross each other expanding from 20o in the NMR structure to 65o in T=1
(Figure 3.24).
Further analysis of all the other interfaces from D5, D6 and T=3 showed
very little difference from the T=1 Ctd-Ctd interface for pentamer-pentamer and
pentamer-hexamer interactions, save for slight distance fluctuations in the
N159-E200-S157 bond network. However, comparison of the hexamerhexamer interactions from D5, D6 and T=3 showed even greater displacements
of the two Ctds compared to those seen on T=1. All three species of hexamerhexamer interface were consistent in showing almost a total loss of the saltbridge network described above (Figure 3.22E) Instead, only a single N159N159’ interaction appears to act as a stabilising interaction, supported either
side by neighbouring S157 residues. This loss of interactions also correlated
with the significantly weaker density observed for these regions of the map and
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the upstream linkers further suggesting that these hexamer-hexamer are
achieved through a loosening of the interactions. Analysis of the a8-a8 for
these interfaces showed that, similar to T=1, the hydrophobic residues around
189-192 still interfaced and served as the hinge point for the angular shift of the
two helices which had extended to a crossing angle of 90-1000 (Figure 3.22F).
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Figure 3.22 Ctd-Ctd dimer variability across different interfaces

(A) Salt-bridge network across NMR Ctd dimer with interfacing residues drawn and
labelled. Grey box indicates region shown in (B) which highlights the hydrophobic
interface along a8-a8 and Van der Waals spheres drawn in grey. Each monomer is
rendered in slightly different shade of blue. (C) and (D) show the same two
interfaces as (A) and (B) respectively but from a T=1 pentamer-pentamer interface.
This interface is representative of all hexamer-hexamer and hexamer-pentamer
interfaces. Each monomer rendered with different shade of red. (E) and (F) show
identical interfaces from T=3 hexamer-hexamer Ctd dimer and is representative of
all hexamer-hexamer dimers across all species. Each monomer is rendered with
different shade of yellow (Figure generated by Dr. Neil Ball)
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Overall, these Ctd-Ctd interfaces appeared to show that switching from
pentamer-pentamer/hexamer to hexamer-hexamer interfaces was ultimately
down to a loss of interactions whilst maintaining a central hydrophobic patch as
a hinge point for shifts in a8-a8 contact. This angular shift noticed throughout all
Ctd-Ctd interfaces. Therefore, in order to determine a potential relationship
between all these interfaces, vectors were generated for each a8. From these
vectors, values for displacement and crossing angle of opposing helices in the
dimer could be determined. Plotting of these two values (Figure 3.24A) showed
that the Ctd-Ctd contacts cluster into three distinct clusters. Closer inspection of
these clusters shows that the dimers showing the smallest displacement (1011Å) and lowest a8-a8 crossing angle (17-26o) were all various NMR models
(Figure 3.23B), with no dimers resolved within shells represented by this cluster.
The next, largest cluster showed a range of displacements from 11-15Å and
angles between 50-70o. This cluster was entirely represented by dimers
between pentamers or pentamer-hexamer dimers across all species
(Figure3.23 C-D).
In the case of T=1 and T=3 hexamer-pentamer interfaces, only one set
of parameters was identified: a feature to be expected owing to the symmetry of
the maps they were resolved in. The capsular species showed a range of
parameters, corresponding to the regions as identified in Figure 3.23A. These
slight differences were consistent with what was observed in the salt-bridge
contacts, which as mentioned all displayed the same contact residues with
small distance fluctuations between them. Furthermore, this was also consistent
with the observed differences in Ntd-Ctd interactions, with the capsular species
each showing four unique Ntd-Ctd interfaces for pentamer-pentamer or
hexamer-pentamer contacting monomers. The final cluster represented all
instances of hexamer-hexamer contacts, which although showed similar levels
of a8-a8 displacement of ~13Å showed a much-increased crossing angle
ranging from 90-105o (Figure3.23E). There was one anomalous point
represented by the D6 hexamer-hexamer interactions which differed in having a
displacement value of 16.5Å. However, this is believed to be due to the
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loosening of the hexameric ring from D5 to accommodate an extra hexamer
and although mid-points of the helices displaced further, this value did not
prevent the hydrophobic region at the 189-193 hinge region from associating
with each other. Alignments of representative dimers from clusters two and
three (Figure3.23F) highlight the extent of angular shift, showing the large
conformational switch required when interfaces no longer involve pentamers in
order to adopt the curvatures observed in the various assemblies.
Based off the findings at the Ctd-Ctd interfaces, the mechanisms that
govern switching within hexamers and pentamers to form these assemblies are
also governed by the Ctd interfaces which suggest that as one moves from
pentamer-pentamers contacts to those involving exclusively hexamers, the
interface is weakened and allows for increased flexibility. This, along with
analysis of the other interfaces, would suggest that pentamers represent a rigid
object within the overall capsid assemblies owing to their consistency
throughout. Instead, it is the flexibility introduced by the hexamers that drives
the formation of these various quasi-equivalent states.
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Figure 3.23 Displacement and angular shift across the Ctd-Ctd interface

(A) Plot of displacement in Angstroms against crossing angle from calculations of
two vectors the each a8 from the Ctd-Ctd dimers. Legend on right provides graphic
detailing description of each interface. Table below plot indicates how each
interface from each species clusters. Points are coloured by assembly they come
from as indicated. (B) Example interface from an NMR dimer (cluster 1) rom two
different views related as indicated. a8 helices are indicated to show points used in
plot calculations. First panel is a top view to highlight displacement whilst second
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panel shows a side view centred on crossing angle. (C) T=1 pentamer-pentamer
Ctd dimer drawn identically to (B) (D). T=3 Ctd dimers from pent-hex (D) and hexhex (E) respectively. All dimers are aligned to highlight switching from cluster 1 (B)
through to cluster 2 (C/D) and finally cluster 3 (E). (F) Alignment of dimers from C
and E against one Ctd (grey) with overall displacement and angular shift
represented in coloured monomers. Monomers are coloured according to their
matching interfaces above (Plot generated by Neil Ball).

3.6 Conclusions
The results reported in this chapter show the assembly of the mature
conformation of human endogenous K-family (HML-2) in various morphologies.
All morphologies demonstrate fullerene geometry and in the case of the
icosahedral species, follow the principles of the triangulation number theorem
(Casper & Klug, 1962) for icosahedral virus assembly. These structures
represent the first structures calculated for any endogenous retroviral capsid as
well as being the first reported mature, full-length b-retroviral capsid assembly.
Most importantly, these are the first structures of any retroviral CA assembly
which resolve the interfaces between pentamers and hexamers to high
resolution in the context of an assembled capsid.
Structural alignments of individual Ntds and Ctds show a strong
agreement between HML-2 and other resolved b-retroviral CA domains,
confirming that HML-2 is a model for the assembly of b-retroviruses. Whilst also
showing strong levels of structural homology to RSV and HIV at the individual
domain level, analysis of these domains in the context of pentamers and
hexamers shows that HML-2 Ntds undergo a large conformational shift,
adopting unique, tipped positions not observed in any previous retrovirus
assemblies. Analysis of the interfaces between individual monomers reveals
the basis for this, with a single polar contact occurring between D90 and K229
from an adjacent Ctd, an interaction which more upright Ntds of HIV and RSV
are unable to make.
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The resolution of these maps at 2.7-3.7Å has allowed for detailed
interpretations of the interactions that govern Ntd-Ntd, Ntd-Ctd and Ctd-Ctd
interfaces within the context of an assembly. The findings show that there are
relatively few contacts that control the Ntd-Ntd interfaces, with the most
important observation being a loss of specific interactions when moving from
pentamer to hexamer. These few interactions are consistent with observations
made from X-ray studies of other retroviral capsid hexamers of Ntds (Mortuza et
al., 2004) (Pornillos et al., 2011). Meanwhile, Ntd-Ctd interfaces demonstrate
that interactions between these domains focus around two key patches: one
that governs Ntd-self Ctd interfaces and another that governs Ctd-Ntd’
(neighbouring) interfaces. These clearly demonstrate the side-chain interfaces
essential to oligomerisation and the how they shift to allow for pentamer,
hexamer and quasi-hexamer states to exist. Finally, Ctd-Ctd interfaces have
been interpreted, along with an NMR structure of a Ctd dimer in isolation. These
have revealed a mechanism for switching between different curvatures and
morphologies, dependent on the ability for the Ctd-Ctd interface to rotate and
flex whilst still maintaining a core hydrophobic interaction as the hinge point,
supplemented by polar contacts from the linker regions nearby.
Finally, these results also show, for the first time, that pentamers appear
to be the rigid unit of retroviral capsid assemblies. Pentamers observed across
all morphologies here demonstrated near identical conformations and
interfaces. Instead, it is HML-2 hexamers that appear to demonstrate flexibility,
capable of adopting “perfect” hexamers, with clear 6-fold symmetry, as well as
morphologies in which the 6-fold symmetry breaks, leading to the adoption of 3fold and 2-fold symmetric species. These distorted hexamers appear to be
capable of adopting more extreme curvatures than that of 6-fold hexamers,
suggesting that these conformations represent a model for the plasticity that
occurs in regions of sharper curvature in a complete, physiological mature
capsid assembly.

125

Chapter 4. Results

Chapter 4.

Structural analysis of competitive

inhibition of SAMHD1
4.1 Introduction
The retroviral restriction factor SAMHD1 acts at the reverse transcription
stage of the retroviral life cycle to inhibit HIV infection in non-dividing cells. This
restriction has been shown to be carried out through SAMHD1’s activity as a
deoxynucleotide triphosphate triphosphohydrolase, whereby it depletes the
cellular dNTP pools required for reverse transcription. SAMHD1 is a 72kDa
protein comprised of two major structural domains: a N-terminal Sterile-alphamotif (SAM) domain and a histidine-aspartate containing (HD) domain
responsible for its catalytic activity. Although the active site of a SAMHD1
monomer is able to bind dNTPs, the catalytically active state of SAMHD1 is that
of a homo-tetramer, mediated by the binding of GTP/dGTP and dNTPs at the
first and second allosteric site respectively. Structures of SAMHD1 to date have
shown this catalytically active tetramer in various open and closed states.
However, these structures show density for the HD domains only and full-length
structures of human SAMHD1 have remained resistant to crystallographic
studies. A recent structure has been resolved of mouse SAMHD1 (mSAMHD1)
(Buzovetsky et al., 2018) showing the position of the SAM domain, however
mSAMHD1 displays fundamentally different catalytic properties to human
SAMHD1 and visualising the human SAM domain would help to explain these
differences (Buzovetsky et al., 2018). This chapter details the application of
CryoEM and single-particle analysis to determine structures of human
SAMHD1. These studies address questions on the position of the SAM domain
in a full-length structure. In addition, imaging these structures in a solutionbased environment bound to novel competitive inhibitors and live substrate will
help to address which of the quaternary structures observed by X-ray
crystallography are physiologically relevant during catalysis.
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4.2 Competitive inhibition of SAMHD1
Considering the dynamic nature of the tetramer during the catalytic cycle,
it was decided to pursue a stabilised tetramer of SAMHD1 for initial
characterisation of the complex by CryoEM through the use of reaction
inhibitors. Furthermore, owing to the additional dynamics of the SAM domain, a
construct containing only the HD domain was selected as the first target to
ultimately serve as a reference when calculating full length structures.
Ian Taylor’s lab had previously identified a family of deoxynucleotide
analogues that bound to SAMHD1 and acted as competitive inhibitors. SECMALLS performed over a 24-hour time course demonstrated that these
inhibitors maintained a stable, tetrameric form of SAMHD1. These inhibitors
mimic dNTP substrate in structure with the exception of an amide bond found
between the a and b phosphate groups, preventing hydrolysis by SAMHD1.
Further data from the Taylor lab and others has also shown dATP to be the
strongest binder to AL2 (Arnold et al., 2015)(Ji et al., 2014). Therefore, the
inhibitor selected for these complexes to best stabilise a closed conformation
was 2’-deoxyadenosine-5’[(a,b)-imido] triphosphate (dApNHpp, Figure 4.1A).
An allosteric site mutant was chosen (D137N) as an initial target as it had
biochemically been shown to be a stable tetramer over 24 hours which would
help facilitate optimisation of cryoEM sample preparation and image
processing. Finally, it was unknown at the time how if these analogues were
binding both the second allosteric site, the active site or both and with that
occupancy so structures with these bound would prove useful for understanding
catalysis.
Tetramers of both an HD-only construct (109-626) and a nearly full-length
(26-626) were assembled and analysed by negative stain to establish if each
sample on the grid would behave in a similar fashion (Figure 4.1). Constructs
were assembled as described in section 2.2.2. In each case, an excess of GTP
and dApNHpp was used (Figure4.1 B&C). In the case of the D137N mutant
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(109-626), Xanthosine-5’-triphosphate (XTP) was used as the AL1 ligand
instead of GTP owing to its better stability in solution. Two-dimensional classaverages for both constructs suggested that both constructs were forming
closed forms of the tetramer, with similar particle diameters recorded for both
(Figure 4.1D&E). These particle distances of 10-11nm were consistent with the
dimensions of the closed form of the tetramer and thus samples were moved
into cryo, optimised and high-resolution data acquired for structure calculation.
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Figure 4.1 Inhibited SAMHD1 structures appear to form tetramers

(A) Schematic for the assembly of inhibited SAMHD1 tetramers. Purified monomers
of SAMHD1 (coloured ellipses) were mixed with GTP and dApNHpp, for which a
chemical representation is drawn beneath, highlighting the NH bond which
distinguishes it from dATP (red circle). Small circles drawn on monomer/tetramer
diagram represent active, allosteric 1 and allosteric 2 sites (blue, yellow and orange
respectively). (B) SAMHD1 D137N 109-626 and (C) WT 26-626 negative stain
micrographs stained with 1% PTA (B) or 1% UA (C). Images were recorded at
52000x mag (4.2Å/pix) at 120kV on a Tecnai Spirit. Scale-bars=10nm. (D) 2D
classes of D137N (109-626) and (E) WT 26-626 calculated in a 64-pixel box size
without CTF correction and lowpass filtering to 25Å. Scale bar=10nm.
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4.3 SAMHD1 structure resolution by CryoEM
4.3.1 Combining tilted and untilted data for increased map isotropy
Two datasets were acquired for SAMHD1 (109-626) D137N: one at 0o tilt
and another dataset at 40o tilt, as detailed in section 2.3.5 (Figure 4.2). Previous
attempts at collecting high resolution data on truncated constructs of SAMHD1
had yielded severe cases of preferred orientations. Therefore, during the course
of untilted data collection, a subset of the data was processed through to
refinement and the angular assignments coupled with symmetry information
were run through the cryoEF script (Naydenova and Russo, 2017) to assess the
need for more orientations. The script was run multiple times assuming C1, C2
and D2 symmetry based on known PDB X-ray structures of the SAMHD1
tetramer. The cryoEF efficiency scores of 0.58, 0.65 and 0.78 suggested that
the maps would show some level of anisotropy if calculated in C1 or C2 but
might be isotropic when imposing D2 symmetry. Therefore, considering it was
not known that this construct would display D2 symmetry at high resolution, a
tilted dataset was collected in the same session at 40o tilt. Although collection of
a tilted dataset inevitably meant collecting particle images with thicker ice owing
to the increased specimen volume the beam had to pass through, the motioncorrected movies still displayed strong particle contrast compared to similar
untilted data at similar defocus values (Figure 4.2 A&B) and initial 2D
classification of these particles both produced classes with secondary structure
features evident (Figure 4.2E&F). Two-dimensional classification of tilted
particles did not produce as many strong 2D classes initially. This was, in large
part, the result of stage tilting bringing more neighbouring particles inside the
alignment masks used for 2D classification (set initially to 160Å). Attempts to
reduce this mask without interfering with the particle of interest proved
challenging. However, particles taken through to 3D classification still provided
sufficient views for isotropic map calculations. In addition, the tiled dataset also
showed some evidence of new views not seen with the untilted data
(Figure4.2F top left) suggesting that its incorporation later on would aid map
isotropy. Untilted and tilted datasets were processed, classified and refined
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separately owing to computational resource available at the time (Figure 4.3). In
addition, separate processing also allowed for selection of the strongest
particles for incorporation with the untilted data, improving map isotropy without
greatly hindering global resolution.
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Figure 4.2 0o and 40o tilted data collection for SAMHD1 D137N (109-626)

(A) Representative micrograph for 0o tilted dataset and (B) 40 o dataset collected at
a nominal magnification of 130000x EFTEM (1.08Å/pix) and both with an estimated
defocus of ~ -2.0µm (Scale bars=20nm) (C) and (D) calculated power spectra of
untilted (C) and tilted (D) micrographs shown in (A) and (B) respectively. (E) 2D
Representative 2D class averages calculated from untilted data and from (F) tilted
data respectively using 2 times binned images in a 128-pixel box (Scale
bars=20nm)
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Figure 4.3 Refinement scheme implemented for SAMHD1 D137N (109-626)

Refinement scheme highlighting the steps towards resolving SAMHD1 D137N
(109-626) with programs used at each step indicated. The left-hand side (untilted)
classification represents the general scheme employed for all SAMHD1 constructs
whose structure was resolved in this chapter. The use of the tilted scheme (right)
was only employed for D137N (109-626).
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4.3.2 Phase plate data collection
At the time of data collection, recent advances had been made in the
application of phase-plate technology in single-particle CryoEM (Danev et al.,
2014) (Danev and Baumeister, 2016 {Danev, 2017 #75) with a particular
emphasis on boosting contrast for alignments of smaller and more flexible
protein samples. Therefore, in conjunction with the data collections above, a
small phase-plate dataset of 965 movies was collected, yielding an initial
particle count of 460,560 particles (Figure 4.4A&B). Two dimensional classes of
the phase-plate data showed consistent classes to those seen with defocus
data (Figure4.4C) however, the number of particles taken forward to 3D
classification (Figure 4.4D, top) was reduced drastically to 145,430 particles.
This was attributed to poor particle alignments owing to inaccurate calculations
of defocus and phase shift within the data. The final refinement, corresponding
to a particle count of 93,134 particles, produced a map at 3.48Å (with a
maximum refinement limit of 4.5Å) from cisTEM (Figure 4.4D&E).
In order to make an accurate comparison between standard defocus data
and phase plate data in terms of density quality, a subset of 93,000 random
particles were taken from the refined D137N map to produce a separate
reconstruction from a similar particle count of defocus images. Furthermore, this
stack was selected from a refinement prior to the incorporation of tilted data so
as to best replicate the conditions under which this phase plate data map was
produced. This produced a map that refined within relion2.0’s auto refinement
procedures to 3.4Å. Although both maps reported similar resolutions, the
density calculated from the phase plate data showed significantly higher levels
of map anisotropy when comparing slices of the two maps (Figure 4.5A-B). In
addition, densities for the ligand sites in the phase plate data compared to the
defocus data also showed clear loss of nucleotide definition (Figure 4.5 C-F).
The differences in the map anisotropy were confirmed by calculation of 3DFSC
plots, with the phase plate data producing a lower sphericity core of 0.75 vs
0.96 for the defocus dataset (Figure 4.5 G-H).
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Figure 4.4 SAMHD1 phase-plate data collection, classification and refinement

(A) Representative phase-plate movie sum collected of SAMHD1 D37N (109-626)
at -0.3µm defocus and (B) image FFT (Scale bar=20nm). (C) Representative 2D
classes of phase-plate particles selected from images with accurately calculated
phase shift determination. (D) The two 3D classes calculated to further remove bad
particles (top) with class in box selected for final refinement with D2 symmetry
(bottom) as calculated in cisTEM. Bottom map also includes fitted model of
SAMHD1 into the phase-plate refined map. (E) FSC for final refinement in (D) with
a 0.143 cutoff value at 3.48Å using a maximum refinement limit of 4.5Å.
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Taking these features into account, it was therefore decided that use of
the phase plate did not provide sufficient grounds to employ its use in future
data collections. It is possible that map isotropy could be overcome through the
collection of more data. Indeed, the differences observed could be due to the
fact that the subset calculation from the defocus data arose from particles that
had been selected post 3D classification of a much larger dataset. However,
given the ratio of particles being removed after 2D classification, primarily owing
to irregular phase shifts occurring from either the CTF estimations or the phase
plate itself, it was thought that in order to produce phase plate structures of
SAMHD1 a dataset of a similar size to the defocus data would be required.
Therefore, the practical costs of this combined with the quality that was being
achieved with defocus data suggested that phase-plate data collection should
not be prioritised.
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Figure 4.5 Phase-plate data does not improve density quality

(A) Slice of D137N defocus data (left) and phase plate data map (right) with
refined D137N model docked into each and coloured by monomer. (B) Slices from
same two maps related as indicated. (C) Active site from D137N map and model
from defocus data highlighting density for dApNHpp and metal ions. (D) Same area
as (C) but for the phase-plate map. Ligands and metals are labelled for
comparisons to (C). (E) and (F) represent the two allosteric sites from defocus data
and phase plate data respectively. AL1 (XTP bound) and AL2 (dApNHpp bound)
are highlighted along with Mg2+ density. (G) Output from 3DFSCserver calculated
from subset of particles taken from defocus data, with sphericity and global
resolution indicated. (H) Identical plot to that presented in (G) but calculated from
half-maps of phase-plate refinement.
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4.4 SAMHD1 D137N (109-626) structure determination
4.4.1 dApNHpp occupies both the active and allosteric sites
Once tilted and untilted datasets had been independently classified,
refined and then combined, a final reconstruction of SAMHD1 D137N (109-626)
was refined through cisTEM with a 4.0Å refinement limit. The resulting map was
refined to 2.99Å (FSC=0.143). All regions of the map except for peripheral loops
showed clear density for sidechains and local resolution better than 3.0Å
(Figure 4.6). The final, best map reconstruction was performed imposing D2
symmetry, confirming that this inhibited tetramer was indeed being locked into
the most “closed” conformation as has been observed in previous crystal
structures. Therefore, an atomic model for a closed tetramer was docked in (Liz
Morris, Ian Taylor, unpublished data), extra regions built manually and finally
refined to produce a final model with map to model FSC fits up to 3.2Å (Figure
4.6C). As a result of this reconstruction, resolutions were achieved which
allowed for interpretation of the active and allosteric site ligands (Figure 4.7).
Final refinement statistics can be found in Table 4.1
Inspection of the region corresponding to the active site (Figure 4.7B)
showed density for nucleotide with clear difference between the triphosphate,
ribose sugar and purine base. Considering the active site is known to be highly
specific for dNTPs, it can be concluded that dApNHpp has bound in the active
site. Map density around the site shows clear side chains for all those
coordinating the nucleotide as well as some indication of metal ion coordination,
with a large density filling the space between H167, H206, D207, H233 and
D311 from which the HD domain takes its name. This density corresponds to a
coordinated Fe2+. In addition, Mg2+ density can be identified next to the gphosphate. Finally, a coordinated water molecule shown by crystal structures to
be involved in nucleophilic attack of the ribose-phosphate bond, can be
modelled into unassigned density (Ian Taylor, personal communication). This
water is coordinated by D207, H233 and the a-phosphate oxygen, showing
correct geometries for hydrogen bonding. Although density was somewhat
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obscured here, this assignment was validated by crystal structures of other
constructs showing a water positioned here.
SAMHD1 109626 D137N

SAMHD1 109626 D137N
phase-plate
130,000x
300
30
-1.0 - -3.5
1.08
598,475

SAMHD1 WT
FL Inhibited

SAMHD1 WT
FL Live T10

130,000x
300
30
-1.0 - -3.5
1.08
2,747,088

SAMHD1 109o
626 D137N 40
tilt
130,000x
300
30
-1.0 - -3.5
1.08
1,475,670

130,000x
300
1.0 - -3.5
1.08
2,064,842

130,000x
300
30
-1.0 - -3.5
1.08
748

579,076

393,518

93,194

139,594

186,629

2.99

3.48

2.61

2.95

Model resolution
(0.5/0.143 FSC
threshold)

3.1/3.0

Model Refinement
N/A

2.8/2.6

N/A

Map B-factor
Model
composition
Nonhydrogen
Protein residues
Ligands

-90

-112.6

-90

-175.2

15263
1871
MG: 8, DAP: 8, XTP: 4, FE: 4

N/A
N/A
N/A

15537
1915
MG: 12, DAP: 8,
GTP: 4, FE: 4

N/A
N/A
N/A

49.18

N/A

38.37

N/A

0.008
1.000

N/A
N/A

0.006
0.995

N/A
N/A

1.47

N/A

1.06

N/A

3.24
0.14

N/A
N/A

1.88
0.13

N/A
N/A

94.87
5.08
0.05
3.06

N/A
N/A
N/A
N/A

97.47
2.53
0.0
1.65

N/A
N/A
N/A
N/A

Magnification
Voltage (kV)
Total exposure
Defocus range
Pixel size
Initial particle
stack
Final particle
stack
Map resolution
(0.143 FSC
threshold)

Mean B factors
Protein
R.m.s
deviations
Bond lengths
Bond angles
Validation
MolProbity
scores
Clashscore
Poor rotamers
(%)
Ramachandran
plots
Favoured (%)
Allowed (%)
Disallowed (%)
CaBLAM outliers
(%)

Table 4.1 SAMHD1 map and model refinement statistics

N/A indicates models not run through independent refinement protocols.

The other major ligand binding sites, allosteric sites 1 and 2, also
displayed strong (sub 3Å) density features, allowing for interpretation with a
ligand model (Figure 4.7C). Initial inspection of the allosteric sites showed more
defined ligand density when compared to the active site. Most strikingly, density
differences between the two ligands could be observed to allow for ligand
assignment independent of previous crystal structures. Both sites showed clear
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occupancy for purine rings with slight differences observed at the end of each to
confirm one as a guanine (or in this specific case xanthosine) density and the
other displaying a more adenine like density. This, coupled with known
biochemical information about these sites and the reaction mixture, showed that
this construct had XTP bound in AL1 and dApNHpp bound in AL2. This, by
extension, confirmed the reasons for XTP being far stronger and more stable as
an AL1 ligand, with the D137N (N137* in Figure 4.7C) producing more
favourable interactions with the O bound to C2 in the purine ring (where GTP
has a bound NH2 group) when compared to D137-XTP base interactions.
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Figure 4.6 SAMHD1 D137N (109-626) final map reconstruction

(A) Final map of SAMHD1 D137N (109-626) calculated from cisTEM. (B) Same
map coloured by local resolution indicated on left hand side as calculated from
ResMap. (C) Final half-map (blue) and map vs model (red) FSC curves. Final
reported resolution from FSC showed a 0.143 cutoff=2.99Å. Map vs model FSC
yielded a final refined model from Phenix real-space-refine at 3.2Å according to 0.5
FSC cutoff. (D) Example region of map slice with refined model fitted showing
density for side chains.
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Figure 4.7 SAMHD1 D137N map shows ligand density

(A) Overall refined model of SAMHD1 D137N looking down one of the two-fold
symmetry axes for D2. Boxes indicate the positions of one active site (red) and one
allosteric site (blue) in the context of a tetramer. (B) Zoomed view of active site
highlighted by red box in (A). Density is drawn for all side chains and ligands
involved in active-site and dashes drawn for all interactions between side-chains,
dApNHpp, metals and water molecule. (C) Zoomed view of allosteric sites as
highlighted by blue box in (A). Left hand side shows AL1 with bound XTP whilst
right-hand side shows AL2 with bound dApNHpp. Density is drawn for all side
chains and ligands involved in active-site and dashes drawn for all interactions
between side-chains, ligands and metals. *= point mutation (D137N) showing basis
for using XTP instead of GTP with favourable interactions between side-chain and
base.
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4.4.2 SAMHD1 (109-626) structure shows intra-domain linker region
In addition to resolving ligand binding, the map of a 109-626 construct by
CryoEM allowed for model building of some additional peripheral regions that
previous X-ray structures had not been able to resolve. One such example, the
N-terminal residues 109-113, is described in Figure 4.8. The CryoEM density
for this region showed clear side-chain density all the way to the N-terminal
Q109, allowing for a complete model of the construct to be built (Figure 4.8B).
The 109-113 region represents the entire length of the linker between the SAM
and HD domains (Figure 4.8C) and showed an a-helical turn right at the Nterminus. As mentioned in the introduction, the SAM domain has remained
elusive to structural studies. Considering the deposited human SAM domain
(PDB: 2E8O) shows Q109 is the last residue of a helix, modelling of this region
provided evidence that approaches utilising single-particle CryoEM could yield
structure of FL SAMHD1, demonstrating the entire linker region could be seen
to high resolution.
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Figure 4.8 Modelling of N-terminus shows potential for locating SAM domain

(A) Refined D137N (109-626) tetramer as shown previously coloured by chain with
sticks for active and allosteric sites shown. Red box indicates N-terminus built with
zoomed in view in (B). N-terminus of model showing sticks and resolved density for
every residue to 109, where the C-terminus of the structured region of the SAM
domain is reported to end as shown in (C). Schematic of SAMHD1 with red-box
indicating the region built highlighting the overlap with the SAM domain.
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4.5 Full length SAMHD1 structure determination
4.5.1 Refinement of the full-length tetramer shows additional density
compared to 109-626
The resolving of the truncated structure demonstrated an ability to achieve
atomic resolutions of SAMHD1 tetramers by CryoEM. Therefore, the next
approach was to image a full-length construct of human SAMHD1 under the
same conditions as those carried out above. As demonstrated in 4.1, constructs
containing the SAM domain in the presence of GTP and dApNHpp produced
largely similar 2D classes in terms of particle dimensions and thus it was
believed that, like the truncated construct, FL SAMHD1 was forming a closed
tetramer. A dataset of 4625 movies was collected using identical imaging
conditions to D137N (see section 2.3.5). CryoEF was again implemented on a
subset of the data after 24 hours of collection using both C2 and D2 symmetry
to assess the potential need for tilted data. Unlike previous collections on the
truncated constructs, cryoEF scores for both symmetries outputted a score ³0.8
and a largely spherical 3D point-spread function, suggesting tilted data was not
required for this sample.
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Figure 4.9 SAMHD1 FL tetramer final reconstruction

(A) Final map resolved of SAMHD1 FL (HD tetramer) as calculated through
cisTEM with (B) central slice through the map and coloured according to local
resolution scale on left hand side as calculated through ResMap. (C) Final map
FSC (blue) showing a 0.143 cutoff value of 2.61Å and map vs model (red) after
final model refinement with a 0.5 cutoff value at 2.8Å suggesting a well-fitted
model. (D)Example region of map slice with refined model fitted showing density for
side chains.

A raw particle count of 2,064,842 were picked and classified according to
an identical pipeline as described for the D137N refinement in Figure 4.3with
the exception that no particles from a tilted dataset were incorporated. From
these data, a final particle stack of 139,594 particles was selected by iterative
3D classification and refined in D2 symmetry to produce a final reconstruction of
2.61Å (Figure 4.9A&B) with local resolution showing the entire core tetramer of
the structure to be higher than 3.0Å resolution (Figure 4.9C). The resulting
structure of SAMHD1 FL showed largely identical features to that of D137N
147

Chapter 4. Results

(109-626), with a closed tetramer showing clear D2 symmetry (Figure 4.10
A&B). Closer comparisons of the active and allosteric sites also showed binding
of all sites with complete occupancy, confirming that in a wild-type construct
dApNHpp binds both the active site and AL2 to produce this inhibited state
(Figure 4.10C&D). Considering the improved resolution for this map, additional
features could be observed in the active and allosteric sites such as clear
density for a deoxy ribose sugar in the active site and AL2 compared to the
ribose sugar for GTP in AL1. In addition, the density for all bound metals
showed clearer definition, allowing for accurate modelling of a 2nd Mg2+ with
appropriate coordination between D207 and H233 (Figure 4.10 E-H). The
results demonstrated for both full length and truncated maps provided
promising foundations for studying the substrate binding at these sites in the
context of many ligands, both inhibitor and substrate. Final refinement statistics
can be found in Table 4.1
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Figure 4.10 FL SAMHD1 shows improved density for active and allosteric sites
compared to D137N

(A&B) Two views related as indicated of the refined SAMHD1 tetramer from FL
construct map. Coloured boxes indicated the active site (red) and allosteric sites
(blue) shown below. (C) Active site showing refined model and density for all side
chains, ions and ligands involved. (D) Allosteric sites showing refined model and
density for all side chains, ions and ligands involved. (E) Active site and (F)
allosteric site ligands, ions and water from D137N map and model with map density
drawn to highlight quality of density. (G) Active site and (H) Allosteric site from FL
construct map with map density drawn showing finer detail for the ligands and the
ions, including identical densities for the two Mg2+ ions in the active site where
D137N suggested a water molecule.

4.5.2 Signal subtraction of the HD tetramer and re-classification reveals
several positions of the SAM domain
Structure solution of the SAMHD1 FL tetramer also started to reveal
potential regions for locating the SAM domain. Unlike the truncated constructs,
visualising of SAMHD1 FL at lower contour levels showed four areas of density.
Although noisy, these densities contoured at levels significantly above values
for noise when looking at the unsharpened map refined map(Figure 4.11 A&B).
Considering the position of the N-terminus of the HD domain, the length of the
linker between domains and the model for that linker built in the truncated
structure, these densities were positioned within the space the SAM domain
was expected to occupy. Therefore, a refinement scheme was implemented
(Figure 4.11C) taking advantage of the signal subtraction protocols introduced
in Relion2.0 in order to better define the SAM domain and potentially identify
different conformations. Prior to running the signal subtraction protocol, a
symmetry expansion script (implemented in Relion) was employed. This
resulted in a transformation being applied to the particle images such that all
four SAM domains from a given particle could be classified and represented
within the confines of a mask for the tetramer and a single SAM domain,
essentially increasing the particles for classification four-fold to 558,376
particles (as indicated in Figure 4.11C). Subsequent alignment-free
classifications could then be used to isolate the highest-resolution particles for
SAM domain density for signal subtraction.
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Several independent rounds of signal subtraction to remove the HD
tetramer from the particles were tested, with adjustments made to the mask
used for subtraction each time. Considering the small molecular weight of the
SAM domain (<20kDa), some region of the tetramer had to be included postsubtraction to provide sufficient signal to noise for classification. The final mask
chosen (indicated in Figure 4.11C as red lines) covered the complete space
represented by the noisy density whilst also including the N-terminal b-hairpin
(residues 114-128) and the nearby a-helix (residues 177-185). This region
proved to provide sufficient signal for alignment and inclusion of the regions
specified ensured the hinging-point for all possible orientations of the SAM
domain was also included in the classification. Once the masking had been
optimised, 3D classification without alignment on the subtracted particles was
carried out as indicated in the refinement scheme. From this classification, two
classes showing a putative SAM domain were identified for subsequent
refinement owing to the size of the density and defined protein-like features.
Particles representing these classes were reverted back to their “un-subtracted”
versions and 3D auto-refine protocols were carried out without imposing
symmetry and with restricted angular sampling intervals to prevent the realignment based on the tetramer. The results of these refinements were two
structures representing 107088 and 79447 particles respectively showing
resolutions for the HD tetramer at 5.02 and 5.88Å.
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Figure 4.11 Position and refinement of the SAM domain

(A & B) Unsharpened map from Relion 3D auto-refine contoured to levels just
before appearance of noise showing putative regions for SAM domains. Colouring
is according to key on left determined from local resolution parameters as
determined by ResMap. (C) Refinement scheme employed to resolve SAM
domains with protocols employed and specific parameters labelled. Boxes around
densities on right hand side are coloured to identify which class resulted in
subsequent maps at end of refinement scheme. Inset above each classification
step is a small representation of initial volume from tetramer refinement. These
were used as references in respective classifications with red line representing the
3D mask used around the reference for classification. Mask and reference from
symmetry expansion was also used in final refinement step.
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Despite the reported resolutions for the HD domains, those for the newly
identified SAM domains in both of these instances proved to be significantly
lower with resolutions of approximately 15-20Å. Nevertheless, these densities
do provide some insight into the role the SAM domain is playing in the context
of a full-length tetramer. Superposition of both of these two structures to each
other (Figure 4.12 A&B) shows that they occupy different positions in space.
These two positions together represent the total space occupied by the SAM
domain from the tetramer reconstruction, with all other poorly resolved classes
occupying space between these two. It is therefore likely that these two maps
represent the total range of flexibility of 42Å for the SAM domain in human
SAMHD1.
Rigid body docking of the refined tetramer allowed for subsequent
docking of a deposited, unpublished structure of the human SAM domain of
SAMHD1 (adapted from PDB 2E8O). Docking of this domain was performed by
calculating a map of the SAM domain blurred to 20Å resolution. The best result,
determined by overall occupancy of the density and correct orientation of the
domain to allow for connectivity to the N-terminus of the HD domain, showed
strong correlation for both maps (Figure 4.12 C-F) with correlation scores of
0.93 and 0.90 respectively. The fit also showed the densities to be an
appropriate volume, with the four-helix bundle of the SAM domain occupying
the complete volume of each density. Furthermore, the orientation for these
dockings placed the C-terminal D113 of the SAM domain in both cases to within
5.5Å of T114: a distance that can be accounted for by the flexibility of the 109115 region (Figure 4.12 G-H). Therefore, it is likely that these densities
represent accurate positions of the SAM domains although their resolution
prohibits the precise determination of their conformation in either position.
Nevertheless, interpretations from their positions in these densities does show
that the SAM domain moves between positions to suggest it could play a role in
enzyme regulation. Surface renderings of both the HD tetramer and the SAM
domain in each of these two positions (Figure 4.16) does appear to show that
the SAM domains range of movement is from one position where it is spatially
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distant from the allosteric sites (Figure 4.13 A&C) to one where it sits directly
above the allosteric sites (Figure 4.13 B&D), potentially occluding the ability of
nucleotides to move in and out of these sites. In a model for the reaction
whereby SAMHD1 turns over nucleotide from both the active site and allosteric
sites after each round of dNTP hydrolysis, this positioning of the SAM domain
could suggest a transient role for it in the context of the allosteric site. These
findings also provide some structural basis to the fact that dNTP hydrolysis
assays show SAMHD1’s kcat to be 2-3-fold lower than that of construct lacking
the SAM domain (Taylor lab, unpublished), both suggesting that the SAM
domain does occupy the position in Figure 4.13 B&D during the reaction as well
as support the model for dNTP turnover from the active site and AL2 after each
round of hydrolysis. However, in order to suggest a more specific role for the
SAM domain, higher resolution data of the domain is required to indicate which
secondary structure elements/side-chains are most likely to be involved.
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Figure 4.12 Location of the SAM domain

(A) Superposition of the two maps resolved from the signal subtraction pipeline
revealing total range of SAM domain motion of 42Å. (B) Second view of the same
superposition showing range of motion of the SAM domain indicated within black
box. (C-F) Rigid body docking of the SAM the HD tetramer followed by a human
SAM domain showing SAM domain density to be of similar size to PDB model for
each case. Active and allosteric sites labelled to show relative position of SAM
domain to catalytic centres. (G-H) Zoomed in view on linker density between SAM
domain and HD tetramer for each map showing C-terminal D113 from SAM domain
and N-terminal T114 from HD domain. Dashed line indicates expected connectivity
with distances of 5.5Å (G) ad 4.7Å (H) between these two residues.
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Figure 4.13 SAM domain moves to occlude access to allosteric sites

(A) Surface rendering of each monomer showing HD domains (tan, cyan, pink and
green) and SAM domains from first map (salmon) and (B) second map (teal) with
active and allosteric sites labelled and ligands rendered as surfaces. (C) 90o rotated
view of (A) and (D) 90o flipped view of (B) further indicating the position of each
SAM domain to the allosteric sites and highlighting solvent accessibility.

156

Chapter 4. Results

4.6 Initial characterisation of a SAMHD1 live reaction
4.6.1 Establishing a reaction for time resolved CryoEM of SAMHD1
The overall success of the inhibited structure calculations in terms of HD
tetramer density suggested that studying the SAMHD1 tetramer under live
reactions conditions would be possible. Therefore, in order to adjust the
inhibited reaction setup to that of a live reaction, an 1D NMR based assay was
setup to track the rate of hydrolysis for each type of dNTP (Sarah Caswell, Ian
Taylor, personal communication). Reaction conditions and substrate
concentrations were then adjusted to ensure reaction would contain tetramers
for 25 minutes, allowing for preparation of grids at precise time-points before
completion of the reaction.
4.6.2 Initial imaging of the linear phase of the reaction, T10
In order to test the ability to image live constructs of SAMHD1, an
optimised sample corresponding to a 10-minute time point was taken for highresolution data collection. This time point corresponds to a steady-state phase
of the reaction according to the NMR data (Sarah Caswell, Ian Taylor, personal
communication) and so it was believed that this would have the fewest
conformational differences of all the time points prepared.
Processing of these data was carried out in a largely similar pattern to
previous constructs with a few exceptions (Figure 4.14). Whilst with the
inhibited constructs only one conformation was expected, under live conditions
the precise number of conformations was unknown. Therefore, to account for
this, 3D classification steps were run using a greater number of classes and
without any symmetry imposed. From an initial particle count of 1,143,207 after
2D classification, subsequent rounds of 3D classification revealed three distinct
classes showing strong similarity to the closed tetramer observed for the
inhibited constructs. Further classification and refinement showed that these
were indeed closed tetramers (cyan, gold and salmon in Figure 4.14). In
addition to these three classes, three other distinct classes were resolved which
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did not correlate as well to the closed tetramer as the others (map fit correlation
scores <0.6). The relatively low particle counts and unknown symmetries have
thus far prevented further refinement of these classes, although initial
inspection suggests they may be different conformations. The three refined
tetramers (coloured in Figure4.14 and labelled with particle counts) all showed
high levels of correlation between each other with values all above 0.93 after
refinement. Therefore, classes were combined and re-refined, with a final
cryoSPARC refinement in D2 symmetry producing a map with a resolution of
2.95 Å.
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Figure 4.14 Refinement of a live SAMHD1 tetramer

Refinement scheme employed for the SAMHD1 T10 Live reaction sample. Classes
selected for further classification in initial rounds are coloured in cyan. Later
classes that were refined individually are coloured in second and third row of 3D
classification/refinement. Inset to refinement scheme is gold –standard FSC
(GSFSC) as produced from the homogenous refinement protocol in cryoSPARC,
with resolution reported from the corrected (purple) plot.
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4.6.3 Live SAMHD1 confirms the inhibited state as physiological
Comparisons of the refined tetramer from the live reaction to inhibited
structures resolved by cryoEM show a high degree of similarity (Figure 4.15A
and B). Both inhibited tetramers resolved into identical closed constructs
compared to each other (the map and model from the FL Inhibited mixture is
shown in Figure 4.15 B and E). Superposition of either of these two maps with
the one calculated from the live reaction (Figure 4.15C) show that they are
identical in terms of the HD tetramer with correlation scores between the two
maps at 0.97. Some slight differences were observed at low contour levels
around the periphery, particularly around those regions occupied by the SAM
domain. However, without specific classification of the SAM domain in the
context of a live reaction, conclusions from these differences cannot be made.
Structural alignments of the models from the live reaction (Figure4.15D) and the
inhibited wild-type (Figure 4.15E) show almost perfect agreement between the
two (Figure 4.15G) with an overall RMSD after alignment of 0.193Å. However,
structural alignment of the model from the live or inhibited tetramers to the
closed structure solved by crystallography (PDB: 4BZC) (Ji et al., 2013) showed
more substantial shifts, with an overall RMSD after tetramer alignment of
25.22Å (Figure 4.15H). Analysis of specific regions of these tetramers showed
that the major deviations were focussed more towards the C-terminal regions of
SAMHD1. Deviations between the active and allosteric sites were minimal
(below 1.5Å) between ligands and side chains around these sites whilst Cterminal secondary structure elements were observed to be shifting by as much
as 10Å. Furthermore, the tetramers observed by CryoEM were 3.8-4.0Å larger
in their longest dimension (102Å compared to 98Å for 4BZC). However, despite
the large RMSD differences observed between the crystallographic and EM
structures for these tetramers, the D2 symmetry axes remained consistent. This
fact, coupled to the low local RMSD values around the ligand binding sites and
the core of the protein, would suggest that the closed tetramer is a genuine
physiological conformation for SAMHD1 during its catalytic cycle.
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Further to comparing differences in the quaternary states of the inhibited
and live reaction, analysis of the ligand binding sites also showed a strong
degree of similarity (Figure 4.15I-L). Comparing the active sites from the live
reaction (Figure4.15I) and inhibited (Figure4.15J) showed similar coordination
of the nucleotide in both structures. However, density around the nucleotide
base was noticeably worse, making absolute assignment of the bound
nucleotide difficult. It was not clear whether the bound nucleotide at this stage
was a purine or pyrimidine ring let alone deciphering between G and A or C and
T. These density differences suggest that the active site is most likely occupied
with different dNTPs from one monomer to the next, both in terms of base
group and state of hydrolysis.
The allosteric sites, by comparison, proved to be almost identical
between the live (Figure 4.15K) and inhibited states (Figure4.15L). The live
state showed clear density for purine bases in both sites, clear definition for a
deoxyribose ring in AL2 compared to AL1’s ribose and density differences
between the heads of both sites’ bases allowed for confident assignment for
dATP into AL2. This assignment also agrees with biochemical observations that
dATP binds AL2 with the tightest affinity (Ian Taylor, personal communication)
(Ji et al., 2014). A final observation in the ligand densities was the relative
strength of the phosphates and bonds in the live active site. It was also
observed that density for the triphosphate and g-phosphate bound Mg2+ was
also weaker. Contouring of the densities at an identical level to the inhibited
active site also revealed a break in the density between the deoxyribose ring
and the a-phosphate (* in Figure4.15I). It is therefore possible that, in addition
to a mixture of dNTPs, the active site density is also showing a mixed
population in terms of substrate and product. A hydrolysed dNTP by SAMHD1
would lose the deoxyribose-phosphate bond lacking density as shown whilst the
cleavage could also destabilise the binding for both the triphosphate and the
base bound. Whilst distinct conclusions about the state of hydrolysis cannot be
made, the presence of a mixture of substrate and product does further confirm
that the closed structure is not only physiological, but is also a conformation
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displaying active catalytic activity. Considering the quality displayed in these
binding sites for both inhibited and live states, next steps should include
changing the reaction conditions to use more specific mixtures of dNTPs rather
than all of them could facilitate interpretation of SAMHD1 structures actively
undergoing dNTPase activity in the future.
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Figure 4.15 SAMHD1 closed tetramer is physiological

(A) Final map resolved of SAMHD1 FL live take after 10 minutes of reaction. (B)
SAMHD FL Inhibited map calculated in section 4.5. (C) Superposition of two maps
with a cross-correlation score of 0.97. (D-F) Models for SAMHD1 T10, SAMHD1 FL I
and the X-ray structure (PDB: 4BZC) of the closed conformation respectively. (G)
Structure alignment of D and E with RMSD=0.193Å. (H) Structure alignment of D
and F with RMSD=25.22Å. (I-J) Active site ligand and density for SAMHD1 T10 and
SAMHD1 FL I respectively with ligands and metal ions labelled. (K-L) Allosteric site
ligand and density1 (left) and 2 (right) for SAMHD1 and SAMHD1 T10 and SAMHD1
FL I respectively with metal ions labelled.

4.7 Conclusions
The results of this chapter demonstrate the ability to use single-particle
CryoEM as a tool to structurally analyse small enzyme complexes to address
questions that have proven difficult to solve by X-ray crystallography. These
include the ability to interpret structures in more native solution environments
and the ability to resolve full length structures. Specifically, single-particle
approaches have been used to resolve the full-length structure of the human
retroviral restriction factor SAMHD1, revealing a position for the previously
undetermined SAM domain. The SAM domain appears to be highly flexible,
occupying a region of about 42Å in diameter, with several classes showing
density occupying space within this region. From these classes, two maps with
appropriate volume for a 20kDa SAM domain have been resolved whilst also
showing appropriate linking density to the N-terminus of the HD domain.
Furthermore, one of these classes, in conjunction with biochemical
observations, has suggested a putative role for the SAM domain through its
close proximity to the allosteric sites. However, higher resolution is required to
be certain of the role of these SAM domains.
Further to identifying the SAM domain, these results have also shown
CryoEM to be an ever more powerful tool in the imaging of enzymes in a more
physiological, solution-based environment. Imaging of SAMHD1 under these
conditions has revealed that the closed conformation observed through X-ray
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structures is a physiological conformation for SAMHD1 undergoing catalysis.
These findings have also shown that introduction of dNTP analogues as
competitive inhibitors to dNTP substrate inhibit SAMHD1 activity by locking it
into a long-lived, ultra-stable closed tetramer conformation.
Finally, the resolutions achieved for the tetramer far exceeded expectations
and have allowed for detailed interpretation of ligand binding in the active and
allosteric sites. They have shown clearly that the inhibitor dApNHpp inhibits
SAMHD1 through binding of both the active and allosteric site 2. Results from
the active site have also shown the ability to resolve coordinated metals and
water molecules that play functional roles in the hydrolysis of dNTPs. Imaging
the tetramer from a live reaction has also shown early signs that CryoEM might
be capturing different states of the reaction as well, with some evidence to
suggest substrates can be observed after hydrolysis. Whilst the last point
cannot be absolutely confirmed yet, it is possible that slight adjustments to the
reaction conditions, discussed in Chapter 5, could lead to clearer results in the
future.
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5.1 HML-2
5.1.1 HML-2 shows canonical CA fold but a unique assembly
The work presented on structure determination of capsid assemblies
showed the successful resolution of the mature capsid structure of HML-2 in
several morphologies. These structures represent the first structures of a full
length b-retrovirus capsid and the first structure of any endogenous retroviral
capsid. Although the literature to date suggested that HML-2, as even its name
suggests, is a canonical b-retrovirus, the question of whether or not it
represented a good model for b-retroviruses in terms of CA assembly remained
unanswered. Structural alignments of the Ntd and Ctd in isolation, reported
here, show strong structural homology to a range of retroviral capsids.
However, comparison to pentamers and hexamers shows that HML-2
demonstrates a unique oligomer assembly, with Ntd positioning substantially
different from even the closely related alpharetroviruses. This is further
supported by subsequent structure-based sequence alignments (Figure 5.1).
Whilst the overall sequence alignment shows strong similarity across
representative b-retroviruses and a-retroviruses, eight of the fifteen residues
identified as essential for interface contacts are only conserved amongst bretroviruses. This includes the K229-D90’ interaction which gives rise to the
substantial “tipping” of the Ntds observed here. In addition to by the
comparisons to the RSV assemblies (Cardone et al., 2009, Keller et al., 2013),
comparisons to other retroviruses, such as HIV-1 (Mattei et al., 2016), also
showed significant deviations when analysing oligomeric assembly.
HML-2 displayed unique Ntd positioning of hexamers and pentamers with
a significant drop of 7Å in the centres of mass for both types of oligomer.
Therefore, despite a strong level of structure and sequence similarity between
HML-2 to RSV and some previous suggestions that HML-2 should be classified
as an alpha/beta hybrid retrovirus (Gifford et al., 2018), the structure of the
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mature capsid suggests otherwise. Instead, HML-2 represents a full length
betaretrovirus model for capsid assembly. Structural homology could explain
HML-2’s ability to co-assemble with HIV gag in vitro (Monde et al., 2012, Monde
et al., 2017). However, future attempts to structurally characterise either a
mature form of an exogenous betaretrovirus capsid, such as MPMV, or the
immature form HML-2 would be valuable to confirm structural homology of
these assemblies across b-retroviruses, as well as determine any structural
differences associated with endogenous retroviral assemblies.
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Figure 5.1 Sequence alignment for alpha and beta retrovirus capsids

Structure-based sequence alignment for HML-2 (top) against known exogenous
beta (JSRV-SMRV) and alpha (RSV and ALV) retroviruses capsids. Uniprot
identifier is included in label for each retroviral capsid sequence included. Coloured
boxes and cartoons correspond to secondary structure elements according to
HML-2 structure. MHR is identified in dashed black box. Asterisks correspond to
side chains from HML-2 observed in interactions between neighbouring
domains/monomers. Colours represent which interface they are involved in as
indicated.
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5.1.2 Hexamers display flexibility in capsid assembly
Throughout the analysis of the interfaces, one consistent theme appeared:
a general loss of side-chain specific interactions as the interfaces moved from
those involving pentamers through to hexamer-pentamer interfaces and finally
hexamer-hexamer interfaces, which showed the weakest interfaces and higher
levels of flexibility. This observation holds true for all Ntd-Ntd, Ntd-Ctd and CtdCtd interfaces (with Ctd-Ntd’ interfaces showing a more subtlety in shifts). In the
case of Ntd-Ntd interfaces, this conclusion is somewhat harder to absolutely
confirm owing to a smaller network of obvious side-chain contacts observed
throughout. Indeed, even in the case of the Ntd-Ntd contacts of the pentamer,
contacts between monomers were fewer when compared to Ntd-Ctd or Ctd-Ctd
interfaces, with only one or two contacts observed between various secondary
structure elements. Previous studies for other retroviral capsids have also
struggled to identify a bona fide and consistent array of contacts between
retroviral Ntds (Mortuza et al., 2004, Pornillos et al., 2011, Obal et al., 2015).
The Ctd-Ctd interfaces represented the best example of increased
plasticity as one moves towards hexamers and hexamer-hexamer contacts. In
the case of T=1, a large range of polar interactions were observed involving
both the linker region between Ntd and Ctd as well as residues found at the Cterminus of a8. These interactions support and stabilise the primary
hydrophobic interface between pentamers through neighbouring a8 helices.
These interactions are maintained through all pentamer-pentamer and
pentamer-hexamer contacts in all shells, save for slight (>0.5Å) distances in
bond lengths and angular shift of a8 crossing angles of ±10o. However, upon
switching to hexamer-hexamer contacts, a significant loss of interactions was
observed both in terms of polar contacts between linker regions and
hydrophobics between a8-a8, although a consistent hinge around residues
189-192 remains. This flexibility in the interactions at the Ctd-Ctd interface
coincided with several other features observed in the map. These included
significantly increased flexibility in the linker regions to the point where they
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could not be confidently modelled in distorted hexamers, loss of the R143K182mc (backbone) Ntd-Ctd contacts and increased distances between Ntds
and Ctds, suggesting that the hexamer interface represents the region of
highest flexibility. In the case of Ctd-Ntd’ contacts, the differences were more
modest, with the same D171-S79’ and K229-D90’ interactions observed in all
cases except for the “true” (6-fold) hexamer.
Finally, the capsid assemblies here represent the first time hexamers of
different morphology have been observed in retroviral capsids. The pentamers
observed were all very rigid by comparison, displaying strict 5-fold symmetry
and negligible deviations from one species to the next. The hexamers, by
contrast, were regularly observed to have broken the canonical 6-fold
symmetry, with examples of 3-fold and 2-fold symmetric hexamers observed
throughout. Comparisons of the relationship of the interfaces, described above,
describe the interactions involved in hexamer and pentamer formation. When
looking at the 3-fold symmetric (T=3) and 2-fold symmetric (D5/D6) distorted
hexamers, the Ntd-Ctd, Ctd-Ntd’ and the overall alignment of monomers
suggests that these 3-fold and 2-fold “hexamers” are adopting hybrid
conformations and interfaces, with interactions observed in these species
displaying features from both the hexamer and pentamer interfaces. The
distorted hexamers are always found to be interfacing with pentamers (D5/D6
with 4 pentamers, T=3 with 3). Therefore, it is possible that these hexamers
displaying non-six-fold symmetry represent a model for the plasticity in retroviral
capsids around regions where pentamers are inserted. Previous suggestions
have arisen that pentamers are directly responsible for the introduction of
extreme curvature in retroviral capsids (Zhao et al., 2013, Mattei et al., 2016).
These findings agree with that notion, but further extend the argument to
suggest that, in addition to the introduction of pentamers, the surrounding
environment of hexamers is also able to undergo dramatic structural
rearrangements to bring about additional curvature.
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Confirmation of this model could be achieved through resolution of larger
assemblies, which display a lattice of hexamers not bound by any pentamers, to
confirm if the six-fold symmetry is restored. Therefore, future work specifically
on this protein should be focussed around attempts to produce larger
assemblies. This could explain the observation that T=3 particles were all
observed to be multi-layered. Although a specific contact was not observed, it is
likely that these two species are interacting in some manner, perhaps as a
stabilisation factor for larger assemblies. Structures of the RSV capsid solved
by CryoEM (Cardone et al., 2009) also observed multi-layered T=3 particles
and a contact point was suggested. Therefore, it might be possible to produce
larger species through a sequential assembly reaction, whereby HML-2 is
allowed to assemble before subsequent addition of more protein, thus allowing
for smaller species to form as nucleation points for the assembly of larger,
icosahedral assemblies.
Finally, whilst this model provides new structural insight into capsid
morphology, the functional relevance of such dynamics remains unclear.
Molecular dynamics simulations on the HIV capsid have led to the postulation
that the mature capsid retains some dynamics in its assembly as a means for
allosteric regulation between distal subunits upon binding of certain co-factors
(Perilla and Schulten, 2017). A recent study using solid state NMR and dynamic
measurements to resolve binding of Trim5a on HIV tubes also suggests
flexibility in the hexamers of HIV capsid in tubes and cone-like assemblies, with
pentamers displaying reduced motions over a microsecond and millisecond
time-scale (Quinn et al., 2018). Furthermore, these studies also showed that
Trim5a appeared to attenuate the flexibility of HIV hexamers, suggesting a
mode of restriction whereby capsid binding of Trim5a may occlude infectivity by
producing a more rigid capsid and thus prevent the necessary motions to bind
other co-factors (Quinn et al., 2018). Studies involving HML-2 have shown that
human Trim5a does not recognise HML-2 capsid (Lee and Bieniasz, 2007) and
considering the CypA binding loop is one of the reported binding motifs in HIV
(NMR), it is unlikely to be recognised by other species of Trim5a due to the lack
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of this region in HML-2. However, the inherent plasticity observed in HML-2
hexamers appears to also be a feature of HIV capsid and could therefore be
common to all retroviral capsids. Of course, confirmation of this through highresolution structures of Trim5a and other restriction factors bound to capsid will
be key to answering this, but continue to be extremely elusive.

5.2 SAMHD1
5.2.1 The SAM domain is a highly flexible domain that can block the
allosteric site
The results shown for the retroviral restriction factor SAMHD1 have
revealed new information regarding its structural organisation in a more
physiological, solution based environment compared to X-ray structures.
Specifically, these results have focussed on two particular areas: uncovering
the location of the SAM domain in a full-length tetramer of SAMHD1 and
understanding which of the observed oligomeric states by crystallography
represent bona fide quaternary states of the protein in solution. In the case of
the SAM domain, two classes were identified and refined producing maps with
approximately 20Å resolution density for the SAM domain. Rigid body docking
shows that these densities are of the correct volume for the human SAM
domain and show reasonable linker density between SAM and the HD domains
to suggest they are connected as expected. As a result, the volumes have
suggested a putative role for the SAM domain, supported by the reduced kcat for
FL SAMHD1 vs 109-626 (Sarah Caswell, Ian Taylor, unpublished data), that the
SAM domain is in close proximity to the allosteric sites and potentially occludes
them. However, specific roles of the SAM domain cannot be interpreted without
higher resolution regions map for these regions.
It remains a possibility for these SAM domain maps that they still represent
an average of multiple conformations of a full-length SAMHD1 protein. The
classes refined and reported here were calculated from 107088 and 79447
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particles. Attempts to resolve regions of similar size and flexibility in other
systems (Benton et al., 2018, Nguyen et al., 2016) have proven successful with
classes represented by fewer than 20,000 particles. Therefore, further 3D
classifications using a significantly higher number of initial classes than five,
along with further optimisation of the masking region, would be an informative
experiment to perform on these data prior to any sample-optimisation based
approaches. In addition to this, work on resolution of the SAM domains has
focussed exclusively on the inhibited state. It remains a possibility that focussed
classification of the live-reaction tetramers could yield different results,
especially if the SAM domain is playing a regulatory role under reaction
conditions. Indeed, similar initial density for the SAM domain has been
observed in the live reaction, but owing to time and the complexity of the
calculations has yet to be addressed. Therefore, multiple short-term avenues
still exist for improving the SAM domain results, which could produce adequate
resolution increases to assign secondary structure elements of the SAM domain
and help in identifying a potential role.
The results described in this work have focussed exclusively on the human
SAMHD1 protein and its role in HIV restriction activity. Recently, a structure was
resolved of full length mouse SAMHD1, including a full structure of the SAM
domain in the catalytically active tetrameric conformation (Buzovetsky et al.,
2018). These structures revealed that the mouse SAM domain plays a crucial
role in regulation. Buzovetsky et al. showed that the SAM domain for
mSAMHD1 is required for both tetramerisation and catalysis, with HD only
constructs showing significantly reduced dNTPase activity, whereas human HD
domains show higher catalytic efficiency (Taylor Lab, unpublished data). These
findings do not, therefore, provide direct answers for what the SAM domain’s
role in human SAMHD1 may be. However, attempts to mutate the human SAM
domain into the mouse at specific interface residues could also be employed as
a potential future experiment to stabilise the SAM domain. Alignment of the
mSAMHD1 structure (PDB:6BRK) onto the refined FL SAMHD1 tetramer
(RMSD:0.981Å) followed by alignment of the human SAM domain onto the
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aligned mouse structure (RMSD: 1.601Å) shows that the human and mouse
interface between these domains to show some similarity (Figure 4.16).
Specifically, E225 (E193 in human), H161 (H129) and Y289 (Y257) are all
conserved between mouse and human SAMHD1 (Buzovetsky et al., 2018).
However, the corresponding residues from the SAM domain of mouse
(Figure4.16C) and human (Figure4.16D) do not show the same level of
conservation with a Leu and Cys residue substituted in human for F109 and
F112 respectively. Potential mutations of these two residues could therefore be
used to stabilise the SAM domain, as well as attempting to recreate the polar
R143-E225 (H111-E193 in human) interface that could stabilise the linker
region. A final approach to improving the quality of the SAM domain resolution
in these studies could be to exploit the reported binding partners of SAMHD1.
Specifically, binding of the HIV accessory protein Vpx and associated proteins
could be used to enhance the molecular weight and signal to noise for the SAM
domain as well as potentially stabilise its motion.
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Figure 5.2 Alignment of human SAM domain and SAMHD1 tetramer to mouse
SAMHD1

(A) Alignment of mSAMHD1 monomer (orange, PDB:6BRK) to SAMHD1 tetramer
refined from FL construct (coloured by monomer as in previous figures) with overall
backbone RMSD=1.601Å. (B) Alignment of human SAM domain (green,
PDB:2E8O) to aligned mSAMHD1 (orange) with overall backbone RMSD=0.981Å.
(C) Zoomed in view of interface between mSAM domain and mSAMHD1 (SAM
domain rendered in lighter orange) showing residues reported to be key in
interface. (D) Zoomed view of putative hSAMD1 SAM-HD interface after alignment
(SAM domain rendered in darker green) showing corresponding residues in
hSAMHD1 to the same interface. * mark putative residues for mutation to those
shown in (C).
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5.2.2 Small molecule binding and conformational variability of SAMHD1
can be studied in parallel by CryoEM
Whilst the results of the SAM domain structure are resolution limited, the
results obtained for the HD tetramers far exceeded expectations in terms of
resolution and interpretation of the ligand binding sites. These results have
demonstrated a clear ability to not only assess presence of nucleotide in the
active and allosteric sites, but high-resolution features including specific
identification of nucleotide bases, coordination of metal ions and in the best,
examples the location of water molecules highlight the capabilities of using
CryoEM to study the basis of small substrate and drug binding. These results
clearly demonstrated the dNTP analogue dApNHpp competitively inhibits
SAMHD1 by mimicking dNTP binding in both the active and 2nd allosteric sites.
In addition, resolving of a closed tetramer with live substrate in the reaction
mixture confirmed the “closed” state observed by crystallography and in the
inhibited EM structures as a physiological conformation of the active enzyme. It
is worth noting that, although they displayed the same symmetry, the EM and
X-ray closed tetramers did show significant deviations towards the C-terminus
of each monomer, with the EM tetramers showing a long dimension of 102Å
compared to 98Å from the crystal structure. This conformation is believed to be
the most stable of all those observed by X-ray crystallography (Ji et al., 2013, Ji
et al., 2014, Arnold et al., 2015) and yet still displays significant deviations in
solution, a point that must be considered when analysing future live reaction
samples especially if some of the less compact, more asymmetric
conformations are also present.
Therefore, future experiments involving specific nucleotides mixtures should
be employed. For example, using a specific nucleotide mixture of GTP, dCTP
and dATP would allow for clearer resolution of the binding sites for many
reasons. Firstly, by specifically using one purine and one pyrimidine dNTP
resolution of the base can be made much clearer. In addition, biochemical data
has been acquired to suggest that dATP is the best activator of AL2 whilst
dCTP is the fastest hydrolysed substrate (Ian Taylor, personal communication).
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Therefore, imaging different time points could also reveal if hydrolysis occurs in
a specific sequence (i.e. dCTP followed by a switch to dATP) or whether
different SAMHD1 active sites can be occupied by different dNTPs at the same
point. Finally, in light of the success of the inhibited construct, attempts to study
other dNTP analogues as potential inhibitory or activating drugs to SAMHD1 by
CryoEM could be pursued.

5.3 Conclusion
Overall, this thesis describes progress made in the understanding of two
mechanisms involved in retrovirus infection: assembly of the virus and
restriction activity against HIV infection. In both cases, such results have been
heavily reliant upon the recent technological advances in CryoEM (Kuhlbrandt,
2014), which has facilitated atomic level interpretations of structures
unamenable to crystallisation (HML-2) whilst also allowing structure
determination of dynamic processes, revealing the structure of highly flexible
regions also unresolved by crystallographic approaches (SAMHD1).
Furthermore, details and resolutions obtained in both instances have allowed
for interpretation of structural dynamics not observed before, such as the
hexamer plasticity in HML-2 or the resolution of small, highly flexible domains.
Finally, in the case of SAMHD1, resolutions achieved have also demonstrated a
clear ability to study the nature of small molecule ligand binding, in both an
inhibited and live catalytic environment, and couple it to quaternary
conformations to gain mechanistic, structural insights into protein complexes in
dynamic processes.
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6.1 HML-2 sequence
PVTLEPMPPGEGAQEGEPPTVEARYKSFSIKMLKDMKEGVKQYGPNSPYMR
TLLDSIAHGHRLIPYDWEILAKSSLSPSQFLQFKTWWIDGVQEQVRRNRAANP
PVNIDADQLLGIGQNWSTISQQALMQNEAIEQVRAICLRAWEKIQDPGSACPS
FNTVRQGSKEPYPDFVARLQDVAQKSIADEKARKVIVELMAYENANPECQSAI
KPLKGKVPAGSDVISEYVKACDGIGGAMHKAMLMAQLEHHHHHH – Cterminal His6 tag.

6.2 SAMHD1 sequence
6.2.1 SAMHD1 (109-626) D137N amino acid sequence
GPG – Linker remaining after N-terminal strep tag cleavage
QIHVDTMKVINDPIHGHIELHPLLVRIINTPQFQRLRYIKQLGGGYYVFPGASHN
RFEHSLGVGYLAGCLVHALGEKQPELQISERDVLCVQIAGLCHDLGHGPFSH
MFDGRFIPLARPEVKWTHEQGSVMMFEHLINSNGIKPVMEQYGLIPEEDICFIK
EQIVGPLESPVEDSLWPYKGRPENKSFLYEIVSNKRNGIDVDKWDYFARDCH
HLGIQNNFDYKRFIKFARVCEVDNELRICARDKEVGNLYDMFHTRNSLHRRAY
QHKVGNIIDTMITDAFLKADDYIEITGAGGKKYRISTAIDDMEAYTKLTDNIFLEIL
YSTDPKLKDAREILKQIEYRNLFKYVGETQPTGQIKIKREDYESLPKEVASAKPK
VLLDVKLKAEDFIVDVINMDYGMQEKNPIDHVSFYCKTAPNRAIRITKNQVSQL
LPEKFAEQLIRVYCKKVDRKSLYAARQYFVQWCADRNFTKPQDGDVIAPLITP
QKKEWNDSTSVQNPTRLREASKSRVQLFKDDPM
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6.2.2 SAMHD1 (1-626) WT amino acid sequence
GPG – Linker remaining after N-terminal strep tag cleavage
MQRADSEQPSKRPRCDDSPRTPSNTPSAEADWSPGLELHPDYKTWGPEQV
CSFLRRGGFEEPVLLKNIRENEITGALLPCLDESRFENLGVSSLGERKKLLSYI
QRLVQIHVDTMKVINDPIHGHIELHPLLVRIIDTPQFQRLRYIKQLGGGYYVFPG
ASHNRFEHSLGVGYLAGCLVHALGEKQPELQISERDVLCVQIAGLCHDLGHG
PFSHMFDGRFIPLARPEVKWTHEQGSVMMFEHLINSNGIKPVMEQYGLIPEED
ICFIKEQIVGPLESPVEDSLWPYKGRPENKSFLYEIVSNKRNGIDVDKWDYFAR
DCHHLGIQNNFDYKRFIKFARVCEVDNELRICARDKEVGNLYDMFHTRNSLHR
RAYQHKVGNIIDTMITDAFLKADDYIEITGAGGKKYRISTAIDDMEAYTKLTDNIF
LEILYSTDPKLKDAREILKQIEYRNLFKYVGETQPTGQIKIKREDYESLPKEVAS
AKPKVLLDVKLKAEDFIVDVINMDYGMQEKNPIDHVSFYCKTAPNRAIRITKNQ
VSQLLPEKFAEQLIRVYCKKVDRKSLYAARQYFVQWCADRNFTKPQDGDVIA
PLITPQKKEWNDSTSVQNPTRLREASKSRVQLFKDDPM
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