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Abstract

Although viral protein structure and replication mechanisms have been explored extensively
with X-ray crystallography, cryo-electron microscopy, and population imaging studies, these
methods are often not able to distinguish dynamic conformational changes in real time. Single-
molecule fluorescence resonance energy transfer (smFRET) offers unique insights into inter-
actions and states that may be missed in ensemble studies, such as nucleic acid or protein
structure, and conformational transitions during folding, receptor-ligand interactions, and
fusion. We discuss the application of smFRET to the study of viral protein conformational
dynamics, with a particular focus on viral glycoprotein dynamics, viral helicases, proteins
involved in HIV reverse transcription, and the influenza RNA polymerase. smFRET experi-
ments have played a crucial role in deciphering conformational changes in these processes,
emphasising the importance of smFRET as a tool to help elucidate the life cycle of viral
pathogens and identify key anti-viral targets.

Introduction

Viruses cause significant illness and death in humans, animals, and plants. A detailed mechanistic
understanding of virus structure, viral protein dynamics and function, host interactions, and viral
replication strategies is critically important for the development of diverse anti-viral strategies.
Much of our current understanding of the replication cycle of viruses has been compiled over
several decades using a variety of structural biology and biochemical methods, with significant
contributions from the fields of electron microscopy and X-ray crystallography. More recently,
however, single-molecule biophysical approaches such as single-particle tracking, super-
resolution microscopy, fluorescence correlation spectroscopy, single-molecule fluorescence in
situ hybridisation (smFISH), and single-molecule fluorescence (or Forster) resonance energy
transfer (smFRET) have become an important method of choice with which to address many
fundamental questions in virology.

Since its first implementation in 1996 (Ha et al., 1996), smFRET has been widely used to
provide new insights into many fundamental biological processes, such as DNA maintenance and
repair, protein conformation dynamics, ion channel dynamics, receptor-ligand interactions,
nucleic acid structure and conformation, and membrane transport (Lerner et al., 2018). Unlike
ensemble biochemical and structural methods that report on the mean properties of billions of
molecules, thus averaging the measured parameters over the entire molecular population,
smFRET offers a way of disentangling functionally important heterogeneity. It allows the real-
time observation of transient intermediates, interconverting states, molecular interactions, and
importantly, the study of dynamic processes (Figure 1a).

FRET is often described as a ‘spectroscopic ruler’ (Stryer and Haugland, 1967) - the result of
a distance-dependent and non-radiative energy transfer from a high-energy molecule (donor)
to a lower-energy molecule (acceptor). The energy transfer between donor and acceptor
molecules is dependent on their proximity, as described by the Forster theory (Forster,
1948) (Figure 1b). Forster showed that the rate of excitation energy transfer between a suitable
donor and acceptor fluorophore is proportional to the inverse 6th power of the distance
separating them:

E=1/(1+(R/Ry)’,

where E is the FRET efficiency, R is the inter-fluorophore distance, and Ry is the Forster radius, a
proportionality constant that depends on the interaction between the transition dipoles of donor
and acceptor and represents the distance between the donor and the acceptor at which energy
transfer is 50%. The range of distances that can be accurately measured with FRET is ~3 to 9 nm,
making it well suited to measure the dimensions and distance dynamics of viral proteins.

To experimentally realise single-molecule FRET, it is necessary to detect single fluorescent
molecules against the background created by a vast excess of solute molecules. To achieve this,
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Figure 1. The theory of SmFRET. a) A biomolecule that switches between two conformations. A short distance between a donor (green) and acceptor (red) fluorophore gives rise to
high FRET, while little or no FRET is observed when the fluorophores are far apart. b) The relationship between the inter-fluorophore distance, R, and the FRET efficiency, E. The
Forster radius Ry refers to the distance at which the FRET efficiency is 50%. c) A schematic of confocal smFRET measurements on freely diffusing molecules. d) Example histogram of
confocal data generated by plotting the FRET efficiency versus the stoichiometry for each fluorescent burst of photons. Stoichiometry is calculated using alternating-laser excitation
(Kapanidis et al., 2004), which allows identification of doubly labelled molecules. €) A schematic of total internal reflection fluorescence (TIRF) sSmFRET measurements on
immobilised molecules. When light strikes the glass-water interface at a sufficiently high angle - greater than the critical angle (Oc) - it is totally internally reflected. When the angle of
incidence is greater than the critical angle light in totally internally reflected. f) Example time trace showing FRET from an immobilised molecule. Clear anti-correlations in donor-

acceptor fluorescence are characteristic of FRET dynamics.

the molecules of interest are labelled with specific donor and
acceptor fluorophores, which are ideally stable under high photon
flux, have high molar absorptivity and fluorescence quantum
yield, and undergo minimal blinking (Sasmal et al., 2016). Such
fluorophores are generally small (~1 nm) organic molecules that
are usually attached via flexible linkers to defined positions on the
protein(s) under investigation. Common dyes include the cyanine
dyes Cy3 and Cyb5, as well as the Alexa Fluor and ATTO dye
series. The positioning of fluorophores on the protein of interest
should be carefully chosen such that the distance between a
donor and an acceptor is within the Forster radius (Lerner
et al.,, 2021).
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The two most popular approaches for visualising labelled mol-
ecules are confocal microscopy and total internal reflection fluor-
escence (TIRF) microscopy. While both approaches ensure a high
signal-to-noise ratio and relatively high throughput, this is achieved
in different ways. In diffusion-based confocal microscopy, single-
molecule detection is achieved by focusing a laser beam into a freely
diffusing solution of labelled molecules using a high numerical
aperture objective lens (Figure 1¢). The small size of the resulting
excitation volume (~1 fL), together with a confocal pinhole to
remove out-of-focus light, provides the required spatial selection
so that only fluorescence photons resulting from the FRET process
are detected (Schuler, 2013). The photons are focused on highly
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sensitive detectors, typically avalanche photodiodes (APDs), which
provide a time resolution in the 50 ps range. Each transit of a
labelled molecule through the confocal volume will lead to the
detection of a fluorescent ‘burst’ of photons, which are then used
to determine FRET efficiencies, providing crucial information
on protein conformations (Figure 1d). The advantage of imaging
in solution is the low concentration of fluorescently labelled
molecules (~10 to 100 pM), resulting in a negligible probability of
two molecules residing in the confocal volume at the same time
(Schuler, 2013).

Alternatively, labelled molecules are immobilised on a surface
and visualised using TIRF microscopy, an optical technique that
excites and images fluorophores in an extremely thin axial region.
The method is based on the principle that when excitation light is
totally internally reflected at the sample-coverglass interface, an
electromagnetic field, called the evanescent wave, is generated in
the liquid at the same frequency as the excitation light (Fish, 2009).
Since the intensity of the evanescent wave exponentially decays
with distance from the surface of the glass, only fluorescent mol-
ecules within a few hundred nanometres of the coverglass are
efficiently excited (Fish, 2009) (Figure 1e). Total internal reflection
of incident light is achieved either by illuminating the sample
through an objective or through a quartz prism. Using TIRF,
hundreds to thousands of dye-labelled molecules can be imaged
simultaneously in one field of view, allowing individual protein
dynamics to be recorded until the fluorophores bleach (typically
within seconds to minutes) (Figure 1f). It typically has a temporal
resolution of a few tens of milliseconds, but this is improving with
technological advances (Lerner et al., 2021).

In this review, we discuss the application of snFRET to the study
of a wide number of disease-causing human viruses. In particular,
we consider the use of smFRET to study i) viral glycoprotein
dynamics in HIV-1, influenza, Ebola, and SARS-CoV-2; ii) viral
helicases in the hepatitis C virus and vaccinia virus; iii) viral
proteins involved in HIV reverse transcription; and iv) the influ-
enza RNA-dependent RNA polymerase. We review the key contri-
butions of smFRET to the study of viral protein and nucleic acid
conformational dynamics, highlighting the crucial role that these
studies have played in furthering our understanding of these
important pathogens.

Conformational dynamics of viral surface glycoproteins
measured by smFRET

Many viruses are coated in glycoproteins, including the HIV-1
envelope (Env), influenza haemagglutinin (HA), Ebola glycopro-
tein (GP), and the SARS-CoV-2 spike (S). Viral surface glycopro-
teins are responsible for binding to the host-cell surface and fusing
with the membrane in order to release the viral capsid or genome
into the cell cytoplasm. The glycoproteins are usually trimers,
where each protomer consists of a transmembrane fusion domain
and a surface-facing subunit (Figure 2). Upon surface subunit
binding to the target cell receptor, the fusion subunit exposes a
fusion loop and initiates membrane fusion (Belouzard et al., 2012;
Shang et al., 2020a). Viral glycoprotein structure and fusion mech-
anisms have been extensively explored by X-ray crystallography
and cryo-electron microscopy (cryo-EM), which have revealed
single-molecule detail by allowing the alignment of large EM
datasets of two-dimensional projections to produce densities in
three dimensions (cryo-EM single-particle reconstruction (SPR)).
It is also possible to determine the potential flexibility of structures
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by tilting and aligning sample volumes of particles in situ (cryo-
electron tomography (cryo-ET) and subtomogram averaging)
(Wan and Briggs, 2016). Coupled with molecular dynamics
(MD) simulations, conformational dynamics and transitions
between static structures can now even be predicted from these
structures. However, due to the stringent sample preparation con-
ditions of cryo-EM and limitations in field of view and labelling in
aligned SPR or cryo-ET structures (Zhang, 2013), it is difficult to
capture fusion dynamics between receptor-ligand interactions and
the rapid fluctuations that occur between conformational states
(Lee et al., 2016; Ward and Wilson, 2017). The labelling and real-
time capability of smFRET have provided valuable insight into the
transitions between conformational structures identified by EM
and temporal dynamics of viral glycoproteins before, during, and
after receptor binding and fusion. Viral surface glycoproteins are
major targets of immune cells and neutralising antibodies and are
often responsible for immune escape (Belouzard et al., 2012);
therefore, identifying surface structures and transitions between
them could elucidate fusion mechanisms, immune evasion strat-
egies, and binding partners useful for new anti-viral vaccines or
therapeutics (Sasmal et al., 2016).

The HIV-1 envelope protein

The HIV-1 Env glycoprotein is responsible for binding to the T cell
CD4 receptor and the CCR5 or CXCR4 coreceptors during viral
entry (Lu, 2021). The Env precursor gpl60 is cleaved by furin
proteases to form gp120, which binds to target receptors, and
gp41, the fusion subunit (Lee et al, 2016; Ward and Wilson,
2017). Mature Env, a trimer of gp120/gp41 heterodimers, under-
goes a series of structural rearrangements in both subunits upon
engaging with CD4 and the coreceptors. CD4-binding induces
conformational changes in gp120 to expose coreceptor-binding
sites, whereas CCR5 or CXCR4 binding to gp120 is thought to
activate refolding events in gp41, eventually leading to viral mem-
brane fusion. smFRET has been used to characterise the conform-
ational changes in gp120 during target receptor binding, the
findings of which have been summarised in a number of excellent
reviews (Howard and Munro, 2019; Lu et al., 2019b; Lu, 2021).

Munro et al. (2014) assessed the movement of variable loops in
gp120 during receptor binding by labelling the V1 loop with a
donor fluorophore, and the V4 or V5 loops with an acceptor
fluorophore, followed by smFRET analysis via TIRF microscopy
(Figure 1). The transfer efficiency between fluorophores was used to
determine the molecular distances between the loops at different
stages of receptor activation. Unliganded Env dynamically sampled
three conformational states, in which ‘state 1’ (a low-FRET closed
state) was predominant (Munro et al., 2014). In the presence of
soluble CD4, the FRET state increased to a high-FRET state (0.6)
and decreased to an intermediate-FRET (0.3) when a coreceptor
mimic was introduced. This suggests that the Env glycoprotein
undergoes three distinct conformational changes: pre-receptor
activated Env (state 1); a default intermediate (state 2), in which a
single CD4 is engaged with the trimer; and a stabilised open Env
where all three protomers are bound to CD4 (state 3) (Figure 3a)
(Munro et al., 2014).

Alsahafi et al. have suggested a fourth state (‘state 2A’), an
off-path semi-open conformation that is highly vulnerable to
antibody-dependent cellular cytotoxicity (ADCC), a mechanism
of cell-mediated immune defence whereby an immune cell lyses a
target cell whose membrane-surface antigens have been bound by
specific antibodies (Figure 3b). ADCC has been previously
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Figure 2. Viral glycoproteins have a common architecture. Viral surface glycoproteins often have similar trimer structures. Each protomer consists of a surface facing binding
domain and a transmembrane fusion subunit. a) HIV-1 Env contains 3 protomers of gp120 (receptor-binding subunit) and gp41 (transmembrane subunit); left: crystal structure of
BG505 SOSIP gp140 mimic of the Env ectodomain (pdb: 4NCO)*® where each protomer is distinguished by shades of purple, right: schematic. b) The full crystalised H5N1 influenza
HA and schematic illustrate a trimer of HA1 and HA2 domains (pdb: 2FK0) (Stevens et al., 2006). ¢) The ectodomain of the Ebola GP without the mucin-like domain consists of a trimer
of heterodimers GP1 and GP2 (pdb: 7SWD) (Milligan et al., 2022). d) The SARS-CoV-2 Spike protein also contains a trimer of S1 (receptor-binding domain) and S2 (fusion) subunits
(pdb: 6VYB) (Walls et al., 2020).
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Figure 3. smFRET analysis reveals conformational states and dynamics of HIV-1 Env. a) Model of Env-mediated membrane fusion. ‘State 1’ (a low-FRET closed state) is thought to
represent unliganded Env, while CD4 binding induces a partially open high-FRET conformation (‘state 2’), followed by coreceptor binding which results in the transition to a
stabilised open Env, where all 3 protomers are bound to CD4 (intermediate-FRET ‘state 3’). Following CD4 activation fusion of the viral and cellular membranes occurs, leading to
virus entry. b) State 1 can also transition into a fourth state (‘state 2A’), representing an off-path semi-open conformation that is highly vulnerable to antibody-dependent cellular
cytotoxicity (ADCC). Adapted from (Bruel and Schwartz, 2019).
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associated with protection against HIV during the RV144 vaccine
trial (Prévost et al., 2017; Alsahafi et al., 2019). If ADCC indeed
works by specific clearance of open states of Env, this has the
potential to be exploited therapeutically by forcing Env into open
conformations using CD4 mimetics (Alsahafi et al., 2019). smFRET
imaging has also provided additional mechanistic understandings
ofhow the Env trimer responds to anti-viral inhibitors, for example,
the entry inhibitor Temsavir was shown to reduce the occupancy of
downstream open conformations and stabilise Env in the closed
state 1 (Alsahafi et al., 2019; Bruel and Schwartz, 2019; Lu et al.,
2019a).

Infection with HIV-1 results in targeting by anti-Env anti-
bodies. smFRET has been used to show that many broadly neu-
tralising antibodies bind preferentially to closed pre-fusion state
1 Env (Alsahafi et al., 2019; Bruel and Schwartz, 2019; Lu et al.,
2019a), whereas non-neutralising antibodies stabilise the open
state 3 (Bruel and Schwartz, 2019; Lu et al., 2019a). This has
significant implications for the design of Env-mimicking vaccines
that aim to induce broadly neutralising antibodies but not non-
neutralising antibodies (Lee et al., 2016). One of the most prom-
ising Env-based HIV-1 vaccine candidates is a recombinant, trun-
cated gp140 trimer called SOSIP.664 (Sanders et al., 2013; Lee et al.,
2016). Previously, numerous high-resolution structures of pre-
fusion Env revealed a similar architecture, assumed to resemble
the primary conformation of virus-embedded native Env in ‘state
1’ (Julien et al., 2013; Sanders et al., 2013; Lee et al., 2016). smFRET
experiments comparing SOSIP mutants and wild-type Env unex-
pectedly showed that SOSIP.664 resembled the default intermedi-
ate, state 2, not state 1 (Bruel and Schwartz, 2019; Lu et al., 2019a),
suggesting that vaccine candidates based on SOSIP.664 designs
may not induce a broadly neutralising antibody response. The
structure of the conformational state behind the State 1 observed
by smFRET remains unknown. Munro et al. (2014) also showed
the strain of HIV-1 influenced the FRET efficiency, where the
neutralisation-resistant HIV-1 JR-FL transitioned between FRET
states, especially the intermediate-FRET state, much less fre-
quently. This suggests the neutralisation-resistant HIV-1 JR-FL
spends more time in the closed conformation, masking recognis-
able epitopes, and is less likely to be stabilised in any given
conformation (Munro et al., 2014). The ability to recognise
HIV-1 Env conformations by smFRET therefore not only provides
insights into the process of receptor binding and viral entry but
also allows predictions that can inform future vaccines and anti-
viral targets.

The influenza haemagglutinin protein

The influenza hemagglutinin glycoprotein is required for binding
sialylated glycoproteins and glycolipids on the surface of endo-
thelial cells via the receptor-binding domain (HA1l) and the
resulting clathrin-mediated endocytosis (Sieczkarski and Whit-
taker, 2005; Eierhoff et al., 2010) or macropinocytosis (de Vries
et al,, 2011) of the viral particle into the cell. HA consists of three
monomers of HA1 and HA2; each HAl subunit contains a
receptor-binding domain, which comes together to form the
globular head of the protein, whereas the three HA2 subunits
anchor the protein to the membrane and carry the fusion peptide.
X-ray structures of HA (Carr and Kim, 1993) suggest a model of
fusion whereby the low pH in the endosome triggers a conform-
ational change in HA1 which exposes the fusion peptide, followed
by its extension and insertion into the target membrane
(Hamilton et al., 2012; Liu et al., 2012).
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In order to confirm the conformational changes during mem-
brane fusion, Das et al. (2018) introduced donor and acceptor
fluorophores to non-canonical amino acids synthesised at positions
17 in the stalk, and 127 in the fusion peptide of an H5N1 HA. The
authors were able to use smFRET to distinguish irreversible con-
formational changes between pre-fusion and post-fusion HA2, as
well as two reversible intermediate HA2 conformations. At pH 7,
where HA?2 is thought to be in the pre-fusion state, a high-FRET
state predominated (0.92 on average), thought to represent an
actual distance of 40 A between fluorophores. The authors suggest
the high-FRET state represents the pre-fusion state, where HA2
fusion peptide sits medially within the trimer (Wilson et al., 1981).
By decreasing the pH, the intermediate-low-FRET state (0.53-0.2)
occupancy increased, which may represent conformations sampled
by HA2 during acidification of the endosome and extension of the
fusion loop distal to the viral membrane, consistent with the
‘spring-loaded’ hypothesis (Carr and Kim, 1993; Bullough et al,,
1994). However, the transitions into different FRET states
remained, suggesting reversibility of the conformational changes
until, at pH 5.6, the occupancy of the low-FRET state became
irreversible. The authors suggest the low-FRET state represents
the stable coiled-coil post-fusion HA2 induced by the acidic endo-
some (Bullough et al., 1994), and the intermediate conformations
serve to prevent HA2 from stabilising before the fusion target is
available. By incubating the virions in liposomes displaying sialic
acid receptors, the dynamics and occupancy of the low-FRET state
increased, which suggests that proximity to the membrane and
target receptors also increase the likelihood of the post-fusion
HA2 conformation (Das et al., 2018). smFRET has therefore been
useful in validating hypotheses put forward from protein structures
and relating these to function.

The Ebola glycoprotein

The Ebola glycoprotein (GP) is a trimer made up of GP1 and GP2
heterodimers encompassed by a glycan cap, responsible for facili-
tating engagement with cells, cellular receptor binding, and pro-
moting fusion of the viral and endosomal membranes required for
virus entry (Carette et al., 2011; Das et al., 2020). After cellular
internalisation, Ebola is trafficked through the endocytic pathway
where GP1 is cleaved to remove the mucin-like domain (muc) and
glycan cap, revealing the receptor-binding site for the cellular
Niemann-Pick C1 protein (NPC1) (Miller et al., 2012). GP under-
goes at least two major refolding processes, proceeding from pre-
fusion (Zhao et al., 2016) to intermediate (Misasi et al., 2016) to
post-fusion conformations (Lee et al., 2008; Pallesen et al., 2016),
which eventually results in fusion of the host and viral membranes
(Weissenhorn et al., 1998; Malashkevich et al., 1999). Atomic
structures of pre- and post-fusion GP have been characterised;
however, how conformational dynamics of GP promote Ebola virus
entry is unknown.

A study by Durham et al. (2020) measured smFRET between
donor and acceptor fluorophores in the GP1 and GP2 N-termini, to
explore the interactions between GP domains. The authors used
pseudoviruses with mutant GP expressed either without the GP1
muc domain (GPAmuc) or without the transmembrane domain of
GP2 (GPATM). The GPATM structure, which cannot fuse with the
cellular membrane, displayed a high occupancy of the high-FRET
state. This suggests the high-FRET state is the predominant pre-
membrane fusion conformation in the endosome, where GP
domains are separated by 30 A. The removal of muc and cleavage
of the glycan cap increased the low-intermediate-FRET state
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occupancy and decreased overall transitions between states. In the
presence of NCP1, the conformation transitions towards an
intermediate-FRET, which may represent the final post-fusion
conformation (Durham et al, 2020). Interestingly, the authors
showed the weakly neutralising antibody KZ52 that binds proximal
to the fusion loop stabilised GP in the low-FRET states, whereas
ADI-15878 and ADI-15742 that contact GP1 and GP2 stabilised
high-FRET (Durham et al., 2020). This may suggest that neutralis-
ing antibodies work to prevent the intermediate-FRET post-fusion
conformation of GP.

Another smFRET study by Das et al. (2020), where both fluor-
ophores were placed on GP2, revealed that the glycan cap cleavage
did not alter the FRET state or distance between fluorophores in
GP2. The authors also labelled the N terminus of GP1 and the
CX6CC domain in GP2 to take smFRET measurements during
cellular membrane fusion, confirming a decreasing FRET efficiency
from pre- to post-fusion, which may represent the presence of the
fusion peptide to the cellular membrane. Collectively, observing
conformational modulations of GP2 by endosomal pH, Ca’™,
NPCI1, and glycan cap removal via smFRET imaging has started
to reveal roles of these factors in Ebola virus entry, and smFRET
studies will continue to help fill our knowledge gap on the con-
formational dynamics of Ebola GP.

The SARS-CoV-2 spike protein

The spike protein (S) is a homotrimeric glycoprotein made up of
three single-chain polyproteins, which protrude from the surface of
SARS-CoV-2 viral particles. The polyprotein precursors are pro-
teolytically cleaved by furin proteases into a trimer (Hoffmann
et al,, 2020a, 2020b) consisting of an S1 receptor-binding domain
(RBD) and S2 membrane fusion subunit (Tortorici and Veesler,
2019). The S1 subunit binds to the cellular receptor human
angiotensin-converting enzyme 2 (ACE2) (Letko et al, 2020),
and the N terminus of S2 is proteolytically cleaved again by cellular
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proteases such as TMPRSS2 (Matsuyama et al., 2010; Hoffmann
et al., 2020b) or cathepsins B/L (Simmons et al., 2005; Hashimoto
et al,, 2021), releasing the fusion peptide and enabling membrane
fusion.

Cryo-EM (Cai et al., 2020; Hwang et al., 2020; Walls et al., 2020)
has been used alongside tomography (Ke et al., 2020) and subto-
mogram averaging (Ke et al, 2020; Turonova et al., 2020) to
distinguish at least three different conformations of the spike
protein. The trimer is thought to transition from a closed and
inactive form where all three RBDs are facing downwards
(Keetal., 2020; Turonova et al., 2020) to a pre-fusion conformation
in which one or two of the RBDs are rotated to face upwards (Cai
etal.,, 2020; Walls et al,, 2020), and finally to a post-fusion structure
where all three RBDs are found facing upwards towards ACE2 (Lan
et al., 2020; Shang et al., 2020b; Wang et al., 2020; Yan et al., 2020).
MD simulations further suggest a mechanism for transitions
between states by predicting enhanced flexibility in the pre-fusion
structure around three joints’ in the stalk region, whereas the post-
fusion conformation is thought to be relatively inflexible (Cai et al.,
2020). Adding to this, smFRET measurements on labelled SARS-
CoV-2 spike proteins on the surface of recombinant lentivirus or
virus-like particles showed that the spike exhibited at least four
different conformations, with low (0.1), intermediate (0.3 and 0.5),
and high (0.8) FRET (Lu et al., 2020). The intermediate-FRET value
(0.5) was most abundant and thought to represent the closed trimer
with RBDs facing down, whereas a low-FRET state (0.1) was most
common in the presence of ACE2 receptors, suggesting the low-
FRET state represents the post-fusion conformation with all three
RBDs facing up (Figure 4). The authors found that the closed
conformation usually transitioned through the intermediate-FRET
population (0.3) before binding to ACE2. However, the high-FRET
(0.8) state did not appear to be sequential with the opening of the
RBDs, suggesting that this conformation may be an off-pathway
closed structure aiding immune evasion. Interestingly, convales-
cent plasma stabilised the spike protein in either the low-FRET (0.1)

sﬁgﬁaﬁa Cell membrane

RBD up (open)

Figure 4. Schematic model of SARS-CoV-2 spike protein dynamics during ACE2 binding. The spike protein is a trimer consisting of an S1 receptor-binding domain (RBD) and an S2
membrane fusion subunit. S1 binds to the cellular receptor ACE2. sSmFRET experiments suggest a model whereby the spike transitions from a closed form where all 3 RBDs are facing
downwards (FRET ~0.5) to a pre-fusion conformation in which 1 or 2 of the RBDs are rotated to face upwards (intermediate-FRET ~0.3) to a fusion structure where all 3 RBDs face
upwards towards ACE2 (FRET ~0.1) (Lu et al., 2020). An off-pathway high-FRET (~0.8) conformation was also observed, which was suggested to aid immune evasion (Lu et al., 2020).
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Figure 5. smFRET insights into translocation of the NS3 helicase. a) Structure of NS3 (pdb: 1CU1). The complex consists of the helicase domain (blue), a protease domain (orange),
and small viral protein NS4A (cyan), which is needed for protease functionality and membrane binding. b) SmFRET was used to demonstrate NS3-mediated repetitive looping on
DNA. In the model, NS3 binds at the 5’ partial duplex junction and starts to translocate along the single-stranded DNA until it reaches the 5" end where a donor dye is positioned.
Once NS3 reaches the end, it snaps back to the duplex junction and re-initiates translocation (Lin et al., 2017).

‘open RBD’ conformation or the intermediate-FRET (0.5) ‘closed
RBD’ conformation, supporting the theory that there may be an
evolutionary advantage to the fourth conformation.

Emerging SARS-CoV-2 variants have been shown to have
extensive mutations in the spike protein and varying binding
affinities for the ACE2 receptor (Korber et al., 2020), and so could
display significantly different RBD structures. A second study by
Diaz-Salinas et al. (2021) therefore used smFRET to compare the
conformational dynamics of spike trimers from the original
Wuhan-1 strain and those with the well-characterised D614G spike
mutation found in the Alpha variant. While both proteins displayed
a high-FRET (0.65) ‘closed RBD’ conformation and a low-FRET
(0.35) ‘open RBD’ conformation in the presence of ACE2, D614G
displayed fewer transitions overall and had a higher occupancy of
the low-FRET open conformation, so is likely to more readily bind
ACE2. Furthermore, neutralising monoclonal antibodies (mAbs)
were unable to stabilise the low-FRET conformation in D614G,
which could suggest greater affinity for the ACE2 receptor. A
second study confirmed these results and further assessed the role
of the E484K mutation originating in the Beta and Gamma variants
of SARS-CoV-2 (Yang et al., 2022). In these studies, S1 was labelled
with FRET pairs in D614, G614, Sa, and Sa. + E484K Spike variants
(Yangetal., 2022). EM and MD simulations suggest G614 and K484
reduced interactions between residues in the RBD and stabilised a
disordered state more capable of binding to ACE2 (Cai et al., 2021;
Gobeil et al., 2021). While D614G mutants induced intermediate-
FRET states (0.3-0.5), S and Sa. + E484K appeared to predomin-
ate in low-intermediate-FRET (0.3) structures in the partially open
conformation with one or two RBDs pointing up. Not only was the
occupancy of the partially open and open states higher in these
mutants, but the authors also show that the transition rate out of the
open state was much slower than the closed state, compared to
D614. The rate constants suggest that while Sa spent more time in
the partially open conformation, D614G and E484K appear to
induce more stable open conformations which they are less likely
to transition out of. Although structurally it would seem the D614G
and So + E484K improve ACE2 binding, the kinetic information
revealed by smFRET suggests it may also be the result of dwell times
in given conformations. A similar conclusion to the MD simula-
tions is drawn and corroborates the importance of dynamic infor-
mation in understanding receptor-binding affinity (Cai et al., 2021;
Gobeil et al., 2021; Yang et al., 2022). smFRET was able to suggest
two different mechanisms whereby Sa and D614G mutants have
achieved more efficient opening/binding to ACE2. The structural
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and functional consequences of different SARS-CoV-2 variants are
essential for understanding viral entry and these dynamics in the
presence of ACE2 and mAbs are important for therapeutic design.

smFRET measurements on viral helicases

Several viruses contain nucleic acid helicases that are responsible
for unwinding replication substrates to facilitate the functions of
the viral replication machinery. Viral helicases are essential for
virus replication and are therefore potentially important drug
targets. Helicases typically convert the chemical energy of ATP into
mechanical movements that allow them to move on DNA or RNA
substrates while unwinding them. smFRET studies of such proteins
were first pioneered using bacterial systems (Ha et al., 2002; Rasnik
et al,, 2004), and subsequently moved to viral systems, where they
have provided useful insights into the function of viral helicases
during the viral lifecycle.

The hepatitis C virus NS3 protein

In the first such example of a study on a viral helicase protein,
smFRET was used to study the RNA-unwinding mechanism of
non-structural protein 3 (NS3), a helicase required for the replica-
tion of hepatitis C virus (Myong et al., 2007) (Figure 5a). NS3 is a
member of the superfamily 2 (SF2) helicases, which are able to
unwind both double-strand (ds)DNA and RNA substrates. The
study focused on the activity of NS3 on dsDNA since it was more
tractable experimentally, while carrying a possible biological rele-
vance due to a putative role of NS3 towards host DNA targets.
Immobilised dsDNA constructs that featured a FRET pair exhibit-
ing very close proximity and high-FRET efficiency were used; upon
addition of NS3, the FRET decreased in a step-wise fashion due to
the unwinding of the substrate, which led to an increase in the
separation of the probes. Analysis of the kinetics of the DNA
unwinding allowed the characterisation of the NS3 step sizes upon
translocation and unwinding of DNA, and showed that NS3
unwinds DNA at discrete steps of three base pairs. Intriguingly,
the presence of a physical translocation block (a biotin-streptavidin
complex placed at the end of the processed substrate) led to a
repetitive unwinding pattern, showing that part of NS3 maintains
contact with the substrate, while part of NS3 translocates forward.
Taken together, the results of the study indicated that the unwind-
ing proceeded in a proposed spring-loaded mechanism where
domains 1 and 2 of NS3 translocated three hidden steps consisting
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of one ATP hydrolysis each, while domain 3 remained fixed. This
accumulated tension on the NS3-DNA complex was released by
unwinding abruptly in a three base pair step (Myong et al., 2007). A
more recent study used smFRET combined with optical trapping to
probe the translocase activity of NS3 on single-stranded DNA and
RNA, and found that NS3 facilitates a novel ‘repetitive looping’ of
single-stranded DNA (Figure 5b) (Lin et al., 2017).

The vaccinia NPH-II protein

Vaccinia NPH-II belongs to the same superfamily of helicases as
NS3 and unwinds both dsDNA and RNA to facilitate viral replica-
tion (Gross and Shuman, 1996; Raney et al., 2010). During the
initiation of unwinding, hundreds of ATPs are consumed before
NPH-II progresses on the RNA template (Shuman, 1992; Jan-
kowsky et al., 2000). Fairman-Williams et al. set out to characterise
NPH-II binding to a 3'-RNA overhang that represents an in vitro
unwinding substrate, as well as single and double-stranded RNAs
(And et al., 1993; Gwack et al.,, 1996; Tai et al., 1996; Jankowsky
et al., 2000; Fairman-Williams and Jankowsky, 2012). Ultracentri-
fugation of the RNA-protein complexes in the presence or absence
of ATP, ADP, and ATP cycle analogues revealed that the binding
specificity towards the used RNA types changed with the ATP
hydrolysis state. The kinetics of the NPH-II-RNA complex during
unwinding initiation could be resolved by end-labelling of the
3'-overhang with a Cy3/Cy5 donor-acceptor pair and observing
different conformation with distinct FRET efficiencies. These
measurements demonstrated that the ATP hydrolysis states —
rather than being associated with certain conformations - affected
their relative occupancy by modulating the interconversion rates.
Moreover, transient interactions were detected that could not be
captured by complex ultracentrifugation under the same condi-
tions. The authors conclude that ATP hydrolysis during unwinding
initiation enables NPH-II to alternate between binding single- and
double-stranded regions without losing contact with the RNA
substrate and speculate that this process serves to find the con-
formation that allows for duplex unwinding to proceed.

SmFRET insights into the HIV-1 reverse transcription
machinery

Reverse transcription of the HIV-1 single-stranded (ss) RNA gen-
ome into double-stranded (ds) DNA so that it can be integrated into
the host genome is an essential early step in viral replication and a
major target for current anti-retroviral therapies. In the first step of
reverse transcription, (—) ssDNA is partially synthesised from the
viral RNA template using tRNA as a primer. In a second step, the
transcribed (—) ssDNA realigns with the complementary transac-
tivation response (cTAR) region at the 3’ end of RNA. After
template re-alignment, (—) ssDNA synthesis proceeds, followed
by digestion of RNA and synthesis of (+) ssDNA. Finally, the
ssDNA is extended into dsDNA, representing a complete double-
stranded DNA copy of the original viral RN A genome, which is then
incorporated into the host’s genome by the enzyme integrase. From
here, new RNA copies of the viral genome can be made via host-cell
transcription. smFRET has provided important insights into many
of the key proteins and processes involved in this multistep process.

The HIV-1 nucleocapsid

The HIV-1 nucleocapsid (NC) is a 55-amino-acid zinc-binding
protein that facilitates the rearrangement of nucleic acid structures
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to thermodynamically more stable conformations (Levin et al,
2010). In the absence of NC, the viral RNA and (—) ssDNA TAR
regions fold into hairpin structures that prevent intermolecular
annealing (You and McHenry, 1994; Coffin et al, 1997; Guo
et al,, 1997; Kim et al.,, 2002). Studies employing ensemble tech-
niques have demonstrated that NC binding shifts the TAR hairpin
structures towards an open conformation, but could not resolve
specific conformations due to averaging (Bernacchi et al., 2002;
Azoulay et al., 2003; Beltz et al., 2003; Hong et al., 2003).

Cosa et al. (2004) conducted the first smFRET experiments on
immobilised 64-nt TAR DNA hairpins, labelling synthetic oligo-
nucleotides with a donor (Cy3) and an acceptor (Cy5) on each end
(Figure 6a). Apart from the native TAR hairpin that forms four
internal loops (L1-L4), they used mutated sequences without some
of those loops. In the absence of NC, the native TAR FRET traces
were static (FRET ~1), indicating a short end-to-end distance in
agreement with a closed hairpin (C). Adding NC decreased the
observed FRET signal, indicating an increased end-to-end distance
consistent with a more open conformation (state Y’). Further, the
dynamics and distribution of E pointed to several conformations in
the presence of NC. Only deleting the terminal loops (L1, L2)
resulted in TAR in the ‘C form, illustrating the importance of
individual loops on NC activity. Cross correlation of single-
molecule donor-acceptor intensity revealed hairpin opening-clos-
ing dynamics in the millisecond range for hairpins with L1 or L1/L2
in the presence of NC. When the equilibrium was shifted towards
‘C’ by increasing MgCl,, two distinct FRET values were observed,
ensuring that the aforementioned rates corresponded to the inter-
conversion of ‘C’ and Y’. These slow conformational dynamics
could not be detected by previous approaches using fluorescence
correlation spectroscopy (FCS) (Azoulay et al., 2003; Beltz et al,,
2003). However, those studies had found conformational fluctu-
ations in the microsecond range that Cosa et al. (2004) confirmed
by donor-acceptor cross correlation of their data.

In a second in-depth study, Cosa et al. (2006) examined
NC-mediated opening of the TAR hairpin over a broader range
of conditions. By averaging smFRET traces over different time
intervals and comparison with simulations, they demonstrated that
the ‘C’ conformation of hairpins lacking L3 and L4 (—L3-L4) were
indeed static without NC. With NC, —L2-L3-1L4 opening and
closing dynamics appeared to be a first-order reaction without
any long-lived intermediates or multiple pathways. The equilib-
rium constant (Keq = kopen/kciose) between ‘C’ and Y’ was deter-
mined by the autocorrelation amplitude (Ac) of the FRET signal
and decreased with increasing MgCl, concentration. On the con-
trary, analysis of -L3-L4 with NC showed evidence for complex
secondary structure dynamics like long-lived intermediates and/or
parallel pathways in the opening/closing process. To explain their
results, the authors proposed alternative mechanistic models for
opening and closing of the TAR hairpin that comprise at least two
Y’ forms (Y; ) and possibly several ‘C’ forms, where C 2 Y, is the
slow, rate-limiting transition.

In the light of complex TAR loop kinetics, Liu et al. (2005)
explored different pathways for the (—) ssDNA transfer in HIV-1
reverse transcription: In the “zipper’ pathway, the ends of the
TAR hairpin initiate the interaction with TAR RNA, while in the
‘kissing’” pathway, loops L1-L4 form make the first contact. They
used smFRET to monitor the NC-mediated interaction of TAR
DNA with various DNA oligonucleotides analogous to parts of
TAR RNA. To create analogues for the intermediates of both
pathways, Liu et al. used short oligonucleotides. Adding a non-
complementary oligonucleotide (12-N) shifted the ‘C/Y
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Figure 6. smFRET methodology to investigate the effect of the HIV-1 nucleocapsid (NC) on the stability, conformations, and reactivity of transactivation response (TAR) elements. a)
Immobilised TAR DNA with FRET labels (Cy3 on the 5’ end; Cy5 on the 3’ end) and loop structures (L1-L4). ‘B”: Biotin label for surface attachment, ‘C’: closed conformation, Y’: open
conformation. The distance between the FRET labels changes upon NC addition, favouring state Y’ (Cosa et al., 2004). b) Experiment on the structural effect of NC on a TAR DNA-RNA
duplex (Wang et al., 2009).TAR RNA and DNA anneal in the presence of NC. By washing with buffer, NC is removed from the duplex.

equilibrium towards ‘C’, consistent with a reduction of the effective
NC concentration by 12-N binding. However, an oligomer com-
plementary to the 3’ end of TAR (12-C) caused another population
at a FRET value of 0.5, which corresponded to the binding of 12-C
and TAR and was stable at a timescale >250 milliseconds, providing
evidence for the ‘zipper’ pathway. Liu et al. then acceptor-labelled a
larger oligonucleotide (A-27-A) complementary to both the 5" and
3’ end of donor-labelled TAR and observed the formation of a
static, fully annealed product. Likewise, an oligonucleotide
(A-24-B) designed to interact via the kissing mechanism also
resulted into a stably annealed product with TAR. Hence both
the “zipper’ and ‘kissing’ pathways were viable, while the zipper
pathway progressed 5-7 times faster. Using shorter versions of
these pathway analogues indicated that annealing can occur at
any nucleation site in the TAR hairpin, despite previous observa-
tions that NC only destabilised the L1-L2 region (Cosa et al., 2004),
while the kissing mechanism might be kinetically favoured by L1-
L2 destabilisation.

The above publications either used TAR DNA alone or in
combination with structural analogues of TAR RNA to circumvent
the formation of large NC/nucleic acid aggregates when using full-
length NC. In 2007, Liu et al. were able to control aggregation with a
syringe pump system that allowed for rapid mixing of NC and non-
immobilised donor-labelled hairpin and immediate delivery to the
microscopic chamber, where an acceptor-labelled, complementary
hairpin was immobilised, effectively monitoring the distance
between the TAR 5 end and the cTAR 3’ end (Liu et al., 2007).
Over the course of annealing, immobilised TAR/cTAR converted
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from FRET = 0 to FRET = 1, while reaction intermediates were not
detected with the time resolution of the scanning confocal micro-
scope (>120 s). In the absence of aggregation, the distribution of the
two states over time followed a single-exponential behaviour,
pointing to a single transition state for annealing at low cTAR
concentrations. Moreover, TAR/cTAR was not associated prior to
annealing. The annealing rate decreased with the NC concentra-
tions, consistent with NC-induced cooperative melting of TAR/c-
TAR. L1-L2 are sufficient for rapid annealing, while deleting L3-14
did not affect the reaction rates, consistent with earlier data on TAR
stability. At high concentrations of cTAR/TAR RNA, aggregation
of the reactants occurred. Based on their observations, Liu et al.
hypothesised that the rate-limiting step in TAR/TAR RNA anneal-
ing is local annealing at specific locations along the hairpin, facili-
tated by the NC-mediated Y conformation.

Wang et al. (2009) were interested in the structural changes NC
induces in TAR dsDNA and DNA-RNA hybrids. In their experi-
ments, they immobilised donor-acceptor end-labelled TAR DNA
that resulted in FRET = 1 in a fully closed hairpin (Figure 6b).
When cTAR or TAR RNA was added and the two strands annealed,
the end-to-end distance measured by smFRET was 4-8 nm, sug-
gesting a bent conformation. In contrast, when NC was washed
away, FRET decreased to 0, consistent with the persistence length of
dsDNA. Time-resolved FRET in the presence of NC revealed a
rapid and reversible interconversion of high and low end-to-end
distances and suggested cooperative binding of several NC mol-
ecules. By using NC lacking the basic N-terminal region (NTR) and
denaturing the zinc fingers with EDTA, Wang et al. demonstrated
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that both structural features are required for DNA binding and
proposed that the zinc fingers create bubbles where the bending can
occur, while cooperative binding mediated by the NTR further
increases the bending.

In another publication, Wang et al. (2013) further characterised
the structural changes with TAR dsDNA as a model system. Con-
sistent with previous data, the FRET distribution exhibited two
broad peaks (0.25, 0.65) in the presence of NC, while bending was
not detected without NC. Fluorescence autocorrelation pointed to
multiple conformations and interconversion pathways for
NC-mediated bending, which was sequence-independent as dem-
onstrated by reproducing the results with a different region of HIV
DNA. To investigate the effects of DNA structure, mismatches were
introduced to create bubbles in the dsDNA, which caused more
structural fluctuations by increasing DNA flexibility. With NC
present, the bubbled dsDNA bent even more, illustrating the
importance of mismatches. To quantify the cooperativity mediated
by the NC NTR, Wang et al. measured the dependence of the
observed FRET signal on NC concentration and obtained a Hill
coefficient of ~4, indicating high cooperativity of NC-mediated
binding. With shorter TAR dsDNA, NC-mediated binding was
greatly reduced, adding evidence for cooperative behaviour, as
the required number of NCs apparently did not fit onto the
truncated DNA.

The HIV-1 reverse transcriptase

The HIV-1 reverse transcriptase (RT) is a nucleic acid polymerase
that uses RN A as a template to synthesise double-stranded DNA for
integration into the host genome. RT is a heterodimer consisting of
a p51 and p66 subunit, where the latter contains RNA- and DNA-
dependent DNA polymerase activities and an RNase H domain
(Figure 7a). Crystallographic studies of RT-nucleic acid complexes
showed a single primer/template binding mode but ensemble kin-
etic studies suggested a heterogeneous mixture of several binding
modes. In order to determine the existence of several species and
obtain functional and structural information of each, early work on
RT was carried out using a multi-parameter fluorescence detection
technique (MFD) that measures FRET based on the reduction of
donor lifetimes (Rothwell et al., 2003). RT labelled with a donor
fluorophore on the p66 domain and an acceptor-labelled primer
were used to reveal three distinct states of RT-nucleic acid com-
plexes. One of the states, not seen before by X-ray crystallography,
did not incorporate nucleotides and was structurally different from
the other two. The other two states were similar to the crystal
structure but differed only by 5 A in the nucleic acid position from
each other; notably, the two states underwent conformational
changes upon binding a nucleotide, allowing the researchers to
assign the structures as productive stages in DNA polymerisation.

RT mechanisms were also studied using sSmFRET in a series of
three seminal papers from the lab of Xiaowei Zhuang
(Abbondanzieri et al., 2008; Liu et al., 2008, 2010). The first paper
examined the mechanism RT uses to coordinate the DNA poly-
merase and RNase H activities. Although RNase H cleavage analysis
has shown different interaction modes with substrates, crystal
structures had only shown one enzyme-binding orientation. To
address this question and study RT binding conformations, a
smFRET assay with millisecond ALEX was used (Abbondanzieri
et al.,, 2008). Surface-immobilised DNA or RNA substrate was
acceptor-labelled at the 5'- or 3’-end and immersed in a solution
containing free RT molecules, donor-labelled either at the RNase H
domain or at the fingers subdomain (at the polymerase domain) on
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Figure 7. sSmFRET assay for probing the orientational dynamics of the HIV-1 reverse
transcriptase (RT). a) The structure of HIV-1 RT bound to a DNA-DNA substrate (pdb:
IN6Q). RT is a dimer composed of the p66 and p51 (magenta) subunits; p66 contains
the DNA polymerase (comprising the fingers (‘F’ cyan), thumb and palm domains (both
blue)) and an RNase H subdomain (yellow). Labelling sites for Cy3 are highlighted by
green circles. b) SmFRET experiments using DNA/DNA duplex templates labelled with
Cy5 were used to assess the binding orientation of RT, which suggested that RT binds
DNA with the RNase H domain close to the 5’ terminus of the primer. ¢) Similar to panel
(b) but with DNA/RNA duplexes, which suggested that the binding orientation on the
RNA primer was the opposite to that on the DNA primer (Liu et al., 2008, 2010;
Abbondanzieri et al., 2008).

the p66 subunit. The distinct FRET efficiencies showed that RT
binds DNA and RNA primers in opposite directions, hence defin-
ing its enzymatic activity (Figure 7b and Figure 7c). For the binding
of RT to duplexes containing polypurine RNA primers for plus-
strand DNA synthesis, RT was found to dynamically switch
between binding orientations. Cognate nucleotides and non-
nucleoside RT inhibitors, a class of anti-HIV drugs, were found
to have opposing effects on switching rates. The dynamic conform-
ational changes of RT binding to substrates allowed the enzyme to
explore multiple binding orientations, thereby regulating enzym-
atic kinetics and replication efficacy. This provided new insights
into the dynamic structure and function of RT that has not been
shown before with ensemble methods or crystal structures and
could help in the development of pharmacological agents.

The second paper showed that RT can shuttle over very long
lengths of double-stranded nucleic acid substrates without using
any ATP (as opposed to bacterial DNA helicases such as Rep
helicase that shuttle in an ATP-dependent manner), and in a
thermally driven motion (Liu et al.,, 2008). The third paper in this
series focused on the transition of RT from initiation to elongation,
and showed that pausing occurring during this transition is indeed
due to an RNA secondary structure (Liu et al., 2010). These fascin-
ating contributions highlighted the surprisingly dynamic nature of
proteins while interacting with nucleic acids and other substrates;
the mechanistic insights and studies involving anti-viral com-
pounds also opened avenues for drug discovery.
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The HIV-1 integrase

In order to complete their infection cycle, retroviruses have to
integrate the once-transcribed cDNA into the host’s chromatin.
This is accomplished by the so-called pre-integration complex
(PIC). Its major constituent — integrase (IN) - catalyses i) the
3'cleavage of a dinucleotide from the cDNA ends 3’ processing
and ii) the insertion of cDNA into the host chromatin by strand
transfer (Craigie et al., 1991; Frankel and Young, 2003). Moreover,
IN interacts with molecular import and chromatin tethering of the
virus. IN functionality depends on its varying quaternary structure
- dimers, tetramers, and oligomers — which is in turn influenced by
the interaction with host factors like LEDGDF/p75 (lens equilib-
rium derived growth factor) (Van Maele and Debyser, 2005; Talty-
nov et al,, 2012). Interestingly, inhibitors of LEDGDF also affect IN
multimerization (Cherepanov et al, 2003; McKee et al., 2008;
Hendrix et al., 2011).

Borrenberghs et al. (2014) set out to determine the oligomer-
ization states in virus particles and during infection with HIV-1. To
this end, they created translational fusions of IN and two fluores-
cent proteins (FPs) that formed a FRET pair, mTFP1 and mVenus,
and incorporated them into virus particles by genetically fusing
them to viral protein R (Wu et al.,, 1995; Albanese et al., 2008). A
series of control experiments demonstrated that IN-FP is incorp-
orated into viruses and trans-complements catalytically active IN,
while forming a heteromeric complex with it. Moreover, fluores-
cence co-localisation experiments with capsid protein verified that
intracellular virus particles indeed contained IN-FP. By comparing
the fluorescence intensity of IN-FP virus particles with purified
IN-FP, the authors found that one virus particle contained about
3 to 5.5 IN-mVenus proteins and about 4-7.5 IN-mTFP1. FRET
values were measured by acceptor photobleaching-mediated FRET
(AP-FRET), where FRET intensity is determined by the ratio of
donor intensities before and after acceptor photobleaching
(rFRET). This approach to measure spatial proximity was demon-
strated by incorporating the fusion protein IN-mTFP1-mVenus,
which yielded an rFRET = 1.87, while IN-mTFP1 exhibited no
FRET (rFRET ~1, unity). When IN-mVenus and IN-mTFP1 were
co-transfected, rFRET of the resulting virus particles was 1.27,
indicating the oligomerization of IN. In contrast, an IN W108G
substitution adversely affecting oligomerization gave rFRET ~1,
verifying that FRET increase was caused by specific IN-IN inter-
actions. A LEDGIN inhibitor targeting the LEDGDF-IN inter-
action enhanced oligomerization in agreement with previous data
(Kessl et al., 2012; Tsiang et al., 2012). IN stayed part of an
oligomeric complex both in virus particles and in the host cytosol.

With the same approach (Borrenberghs et al., 2014), Borren-
berghs et al. compared the oligomerization states of PICs in the
cytosol and nucleus while using IN-eGFP and scanning confocal
microscopy to quantify the amount of IN in individual PICs
(Borrenberghs et al., 2016). They found that in the nucleus, PICs
have less IN than in the cytoplasm. However, while rFRET in
cytoplasmic PICs was the same as in mature virus particles
(1.27), the apparent oligomerization state in the nucleus was ele-
vated (rFRET ~1.44). In LEDGDF/p75 knockdown cells, the oligo-
merization level in the nucleus was reduced to cytoplasmic levels,
while the decrease of the IN/PIC ratio resembled that of WT cells.
Mutating the LEDGDF/IN contact interface confirmed that the
interaction with LEDGDF/p75 caused nuclear IN oligomerization,
unlike the host factor TRN-SR2 potentially involved in PIC nuclear
import (Christ et al., 2008; Taltynov et al, 2012). Importantly,
nuclear IN oligomerization did not require LEDGDF-mediated
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chromatin tethering and was independent of chromosomal inte-
gration. Time-course measurements of PIC intensity in the nucleus
revealed that the IN/PIC ratio was reduced upon nuclear import
and subsequently remained constant. Interestingly, LEDGINs
decreased the IN oligomerization state in virus particles to nuclear
levels, suggesting that the LEDGIN-associated nuclear import
defect may be caused by IN aggregates that prevent the PICs
through the NPC. The authors proposed a model of the viral life
cycle, where PICs cannot pass the NPC unless some IN is ‘shed’ -
possibly as part of capsid degradation — while the IN reaching the
nucleus oligomerises to form a complex capable of chromosomal
integration.

Borrenberghs et al. (2019) also investigated the conformation of
IN oligomers in the course of a Moloney murine leukaemia virus
(MLYV) infection using fluorescence quantification, co-localization,
and smFRET. In contrast to HIV, MLV PICs cannot enter the
nucleus via NPCs. Hence, they access the host chromatin upon
nuclear breakdown during mitosis (Lewis and Emerman, 1994;
Suzuki and Craigie, 2007; Cohen et al., 2011). After verifying that
the IN-FP fusions yielded infectious virus particles, the authors
analysed the IN oligomerization inside MLV particles and found an
increased rFRET (1.25), indicative of functional IN oligomerization
reminiscent of HIV (Borrenberghs et al., 2014). The PIC numbers
followed the cell cycle, with integration-dependent loss of PICs after
cell division. An elevated rFRET (1.35) of nuclear PICs suggested a
quaternary structure change taking place in the nucleus, which was
independent of IN interaction with chromosomes or IN catalytic
activity, but was instead elicited by interaction with the host factor
Brd-4, a bromodomain and extraterminal domain (BET) protein
(de Rijck et al., 2013; Gupta et al., 2013; Sharma et al., 2013). The
authors conclude that the ternary complex of BET proteins, chro-
matin, and IN triggers a structural rearrangement within the IN
complex that aides in determining the MLV integration sites.

SmMFRET studies of the influenza RNA-dependent RNA
polymerase

Influenza transcribes and replicates its eight single-stranded,
negative sense RNA segments with the viral RNA-dependent
RNA polymerase (RdRp) (te Velthuis and Fodor, 2016). RdRp is
a heterotrimeric protein complex made up of three major sub-
units: the polymerase itself (PB1); PB2 that contains the cap-
binding domain; and PA that contains the endonuclease domain
(Fodor, 2013). Together, the PB2 cap-binding and PA endonucle-
ase domains cleave capped host RNAs and ‘snatch’ the
7-methylguanosine cap required as a transcription primer. The
5" and 3’ ends of each genomic viral (vV)RNA segment contain
conserved nucleotides which are partially complementary to each
other and bind together to form a double-stranded promoter that
is bound by the RdRp (Robertson, 1979; Desselberger et al., 1980).
The remaining circularised vVRNA is bound along its length by
nucleoprotein (NP), to form a viral ribonucleoprotein (RNP)
complex (Fodor, 2013).

In the first smFRET study on influenza, Tomescu et al. (2014)
purified RdRp using an insect-cell system and studied binding to
VRNA terminal sequences, combining smFRET and alternating-
laser excitation (ALEX). This method allowed the distances
between fluorophores on the RNA to be measured during RdRp
binding, which suggested that the conformational changes during
RdRp binding occur in the proximal rather than the distal region of
the promoter. The authors determined the molecular distances
between fluorophores at different positions and used these results


https://doi.org/10.1017/S0033583523000021

12

A High FRET B  Pre-initiation

Pre-initiation state

Active site

RNAP

C  nitiation

Aclive site &

RNAP

VRNA
Interconversion

Groves et al.

Initiation Elongation
Duplex unwindi;;f
5
Stabilisation
3 +ApG =y
» F +
NTPs
Prime (4,5) Re-align (1,2)

cRNA
5' 5' 5'
Ne interconversion

+ApG —= . E
— = =3

NTF{ls L Stable state

Figure 8. Insights into influenza replication initiation from smFRET. a) Structural model of the influenza RNAP (PDB code 5MSG) bound to vRNA in a pre-initiation state where the 3’
VRNA is located on the outer surface of the RNAP, or an initiation state where the 3 VRNA enters the RNAP active site (Robb et al., 2016). b) Model of pre-initiation, initiation, and
elongation states on a VRNA template. Upon RNAP binding, the vRNA promoter exists in equilibrium between a pre-initiation state in which the 3 RNA terminus is bound on the
RNAP surface, and an initiation state in which the 3' RNA is bound in the active site. In the presence of NTPs, the 3’ RNA starts to translocate through the active site during RNA
synthesis, resulting in destabilisation of the duplex region. Insights from smFRET experiments are highlighted in red text (Robb et al., 2016). ¢) Model of initiation states on a cRNA
template. Unlike the vRNA promoter, the cRNA promoter exhibited very limited dynamics, in part due to the longer length of the 3’ template strand of the cRNA which allows the

cRNA template strand to reach further into the active site (Robb et al., 2019).

to ab initio model the structure of the promoter in 3D, revealing a
corkscrew structure (Tomescu et al., 2014). RdRp binding to VRNA
results in either transcription of the viral genome into capped and
polyadenylated mRNA or replication to form complementary
cRNA, which in turn act as templates for replication (Fodor,
2013). During replication, the polymerase priming loop provides
support for the formation of a pppApG dinucleotide formed on the
terminal positions U1 and C2 of the 3’ vRNA (terminal initiation)
(Ng et al.,, 2008; Te Velthuis, 2014). In contrast, when the inter-
mediate cCRNA becomes the template for new vRNA, the initial
pppApPG dinucleotide occurs on U4 and C5 (internal initiation).

Crystal structures of the RARp show the 5’ vRNA termini bound
in the active site, while the 3 termini appears to bind to the RdRp on
the surface (Reich et al,, 2014), which suggests there could be
multiple conformations during RdRp-promoter binding. Robb
et al. (2016) used smFRET to explore the conformations of
the RdRp-promoter complex during the initiation of replication
(Figure 8a). The authors showed that in the absence of RdRp, the
dsRNA promoter produces a single FRET distribution centred at
~0.47, in keeping with the value expected from dsRNA. When
RdRp was added, the bound conformation produced two FRET
populations; a low-FRET state representing the 3’ VRNA terminus
bound within the active site, and a higher FRET state representing
the surface-bound 3’ vRNA. Upon addition of ApG to mimic the
production of the initiation nucleotide that initiates RNA synthesis,
there was an increase in the low-FRET occupancy of the RdRp-
promoter complex, thought to be the active site complex which is
the expected conformation for the initiation of RNA synthesis. This
suggests that initial binding of RdRp with the dsSRNA promoter
forms a ‘pre-initiation’ conformation where 3’ RNA termini inter-
act with the surface of RARp before entering the polymerase active
site (Figure 8b). Then, the addition of the replication initiation
product stabilises the interaction with the RdRp active site and the
promoter duplex unwinds.

To further probe vRNA and cRNA conformations during RdRp
binding, surface-bound initiation complexes were monitored
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before and during initiation (Robb et al., 2019). It was observed
that while the 3’ terminus of the VRNA promoter is highly dynamic
and transitions between pre-initiation and initiation conform-
ations, the cRNA promoter exhibited very limited dynamics
(Figure 8c). Two bases in the 3’ template strand of the cRNA
promoter (absent in the VRNA promoter) allowed the cRNA tem-
plate strand to reach further into the active site, limiting promoter
dynamics (Robb et al,, 2019). smFRET has therefore been instru-
mental in studying the RNA dynamics involved in influenza rep-
lication initiation, highlighting differences in the initiation
mechanisms for VRNA and cRNA synthesis and providing insights
into how the RNAP distinguishes these two processes.

Concluding remarks

smFRET is an important tool for deciphering conformational
changes and dynamics within individual proteins and nucleic acids
which would otherwise be missed by static structural characterisa-
tion, allowing for the exquisitely sensitive measurement of binding
kinetics and biomolecular interactions. In this paper, we have
reviewed the application of smFRET to studies of viral replication,
providing an in-depth analysis of experiments carried out on a
number of important pathogenic viruses, namely influenza, HIV-1,
Ebola, SARS-CoV-2, hepatitis C and the vaccinia virus. Many
ground-breaking experiments have been carried out to maximise
the capabilities offered by this tool and have already answered
multiple important questions in virus research, although a wealth
of topics still remain.

Challenges to the more widespread utilisation of smFRET, such
as the need for expensive hardware, specific laser-safe facilities, and
specialist expertise, are being overcome by the increasing availabil-
ity of more affordable open-access microscope systems (Ambrose
et al., 2020), as well as attempts within the smFRET community to
publish generalised protocols and documentation to ensure the
reproducibility and accuracy of smFRET measurements
(Hellenkamp et al., 2018; Lerner et al, 2021). The constant
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development within the field will no doubt help to reduce these
challenges and ensure that smFRET becomes an increasingly
mainstream technique for studying biomolecular structural
dynamics. This has been aided by huge improvements in cryo-
EM/ET methodology in recent years, which provide structures
that are essential for deciphering the dynamic and kinetic infor-
mation achieved with smFRET. Further advances in computa-
tional ability, coupled with the boom in cryo-EM/ET data, have
also allowed advances in molecular dynamics simulations, which
will no doubt inform future dynamic structural studies (Pedebos
and Khalid, 2022).

In summary, the application of smFRET to virus research has
already been demonstrated to have a vast impact in furthering our
understanding of how viruses replicate and interact with host
systems, and provides huge potential for the design of vaccines
and anti-viral treatments for existing and emerging infections.
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