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Fluorescence microscopy is a powerful tool in many life science research areas; thanks to its live-cell compatibility
and its ability to observe only specifically labeled molecules of interest. However, in the field of virology, this
technique has traditionally been of limited use, specifically due to the fundamental resolution limit associated with
the diffraction of the visible light. The diffraction limit makes fluorescence microscopes unable to resolve details
below approximately 200 nm in the focal plane and approximately 600 nm along the optical axis, thus making
studies of approximately 100-nm-sized virus particles infeasible. Therefore, for a long time, virus visualization was
performed solely via electron microscopy-based methods, which — with its subnanometre resolution — enabled for
numerous insights into details of virus structures. On the other hand, electron microscopy-based methods require
laborious preparation of biological sample (fixation or freezing) making them unsuitable for the study of dynamic
processes of viruses and virus—cell interactions.

However, this situation began to change with the development of super-resolution fluorescence microscopy
(SRFM) or nanoscopy in the 1990s [1,2]. These advanced microscopy techniques surpass the diffraction limit
of light, giving molecular-scale spatial resolution, and thus, for the first time, opening up the possibility to
observe details of subdiffraction-sized viruses with fluorescence microscopy. Currently, there are many different
SRFM techniques available, each with its own set of advantages and disadvantages [3-5]. The requirement for the
observation of sub-100 nm sized virus structures limited virological studies to the use of SREM approaches that
routinely offered 10-100 nm spatial resolution, such as stimulated emission depletion (STED) microscopy and
single molecule switching microscopy-based approaches like photo-activation localization microscopy (PALM) or
stochastic optical reconstruction microscopy (STORM).

HIV-1 was one of the earliest biological systems studied by SRFM, and currently SREM-based HIV-1 studies
have already provided numerous ground breaking insights into retroviral replication cycle [6,71. However, only very
recently have these studies began to transition from the observations of fixed samples into live-cell imaging, which
now allows for the study of dynamic aspects of the virus structure and virus—cell interactions. This is due to the fact
that, to achieve highest spatial resolutions, SREM techniques usually require long acquisition times thus making
live-cell imaging infeasible especially for observation of molecular dynamics in single viruses.

One of the solutions that allows for live-cell studies of single molecules on the surface of sub-100 nm objects lies in
combining the existing STED SREM technique, with single-molecule-based spectroscopic tools such as fluorescence
correlation spectroscopy (STED-FCS) (8]. This combination allows for the determination of molecular mobility
for observation spot sizes below 60 nm in diameter, and thus for SREM studies to be conducted with a very high
level of temporal resolution on the relevant spatial scales. Moreover, the combination of STED-FCS with fast-
beam scanning (scanning STED-FCS, sSTED-FCS) further extends this technique, enabling molecular mobility
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observations at different spatial points simultaneously, and sSSTED-FCS experiments on sphingolipids highlighted
transient interaction sites in the plasma membrane of living cells [9].

sSTED-FCS was recently utilized to, for the first time, study the details of protein dynamics on the surface of
individual HIV-1 particles (10]. This study demonstrated that the mobility of the virus surface envelope glycoprotein
(Env) is dependent on the virus maturation status, which, by viral protease-mediated cleavage of the structural
polyprotein protein Gag, converts budding HIV-1 from an immature noninfectious into a fully mature infectious
form. Specifically, the disassembly of the immature Gag lattice during maturation was found to correspond with
increased Env mobility. This increased mobility represents an underlying mechanism for Env protein clustering in
mature virus particles that (by an earlier SRFM-based imaging study) was in the sSSTED-FCS measurements found
to be important for the productive virus entry [11]. Furthermore, comparing studies of the diffusion characteristics
of Env as well as GPI-anchored protein and MHC-I between HIV-1 and cellular surfaces revealed that the HIV-1
surface is a very immobile environment where all proteins display a strongly reduced mobility (two orders of
magnitude slower compared with the cell plasma membrane). Therefore, this study in addition to disclosing one of
the underlying mechanisms behind maturation-dependent Env clustering highlighted novel insights into molecular
properties of the subdiffraction sized highly crowded virus envelope.

In a broader context, this successful application of sSSTED-FCS in virus research opens a way for dynamic
analysis of molecular behavior not only for HIV-1 surface but also for all molecular level virus and cell interactions
that occur during other stages of virus replication cycle, for example, during virus assembly or entry. Moreover,
such application of sSSTED-FCS is not only limited to HIV-1 or other viruses but can equally be applied to the
analysis of small cellular organelles and vesicles such as endosomes or peroxisomes, as well as receptor clustering
events that occur during cell—cell interactions such as formation of immunological or virological synapses. Similar
to HIV-1, where the maturation-driven mobility changes underpin the ability for the virus to fuse with the target
cell, SREM-based molecular mobility studies may reveal a crucial dependence on a specific dynamic behavior in
interacting viral and/or cellular molecules. This knowledge, in turn, may be then used as a source for novel therapies
that rather than blocking interacting molecules subtly affect their mobility and consequently inhibit the parts of
virus replication cycles such as cell-to-cell transmission or entry.

However, while the above study offers an interesting glimpse into new avenues for future virology research
studies; these are arguably still early days of SREM-based research especially in terms of live-cell experiments.
SRFM techniques, while already widespread thanks to the increasing availability of commercial turn-key systems,
have only just began to fulfill their potential to become a standard approach for bioimaging. Challenges such as
increasing the imaging depth beyond several hundred nanometers while maintaining the resolution and minimizing
phototoxicity, still remain a concern for all future live-cell SREM studies. In addition, sub-100 nm SRFM techniques
often require specialized organic dyes, fluorescence proteins or buffer conditions for imaging. Furthermore, while
convenient, fluorescence tagging via antibodies or nanobodies (employed in the HIV-1 sSTED-FCS study [10])
provides only a limited usability for live-cell imaging since it restricts the studies to virus or cell external surfaces only.
Fortunately, in case of HIV-1, effective strategies based on fluorescence proteins have already been developed for
imaging studies via conventional microscopy and these can be adopted for live-cell SREM. Organic dye compatible
tagging approaches that utilize nonfluorescent tags such as SNAP-/HALO-/CLIP-tag or artificial amino acids and
click chemistry also provide SFRM-compatible fluorescence labeling for live-cell SRFM studies of virus replication
cycle [12]. Finally, as with every scientific tool, sSSTED-FCS also carries limitations such as the inability to observe a
small number of proteins on the surface of individual viruses for longer than a few seconds due to photobleaching,
future mobility studies should also aim to incorporate complementary approaches for single molecule mobility
measurements that are less prone to these limitations, such as interferometric scattering microscopy [13].

In summary, the above SRFM-based study of Env mobility on HIV-1 surfaces represents a promising first step,
opening a way for future studies that will shed light on the previously undescribed molecular dynamic properties
of subdiffraction-sized objects such as viruses or vesicles.
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