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1. Wide-field imaging

Wide-field fluorescence imaging is the illumination and fluorescence imaging of a large
(~50x50 ym?) region-of-interest in the sample. In a typical single-molecule sensitive wide-field
fluorescence microscope (Figure S1A), the excitation beam’s profile can be cleaned up using a single-
mode fiber or pinhole, the beam is expanded to 1-2-inch diameter, possibly homogenized using an
opaque element, and then focused at the objective’s back focal plane using a high-quality achromatic
lens (Figure S1B). If different lasers (each typically ~50-200 mW) are used simultaneously, they can
be alternated on the microsecond timescale using the AOTF or mechanical shutters placed in the
excitation pathway. Sequential illumination is crucial for dealing with emission crosstalk in
multi-color imaging (for a detailed explanation on crosstalk, the reader is referred to section S3).The
light exits the objective collimated, with the diameter of the beam entering the objective determining
the diameter of the illuminated region in the sample. A power density in the sample of
~1-2000 W/cm? per laser is used. Popular cameras for single-molecule imaging are scientific
complementary metal oxide semiconductor (sCMOS) cameras or
electron-multiplying charge-coupled devices (EMCCD), with the latter providing a good signal,
even for dimly fluorescent samples. An extra beam expander (e.g. 3.3x for a 60x objective lens) is
typically placed in between the microscope’s tube lens and the camera to achieve an optimal
magnification. Indeed, according to the Nyquist theorem, a 60x3.3 total magnification oversamples
the diffraction-limited spatial resolution (4 =200-300 nm) by more than twofold on the camera
(16 um physical pixel size).

One of the main advantages of camera-based microscopy is the relatively high frame rate
(roughly ~30 and 100 Hz at full- EMCCD-chip and 4-megapixel sCMOS imaging, respectively). Such
video-rate imaging means that dynamic processes occurring on a timescale of 10-30 ms or slower are
directly visible and can be quantified; anything faster than this will be averaged out (‘blurred”) over
(regions in) the recorded image series, although this effect can be countered by stroboscopic
illumination [6]. Because of its optimal frame rate, camera-based microscopy has been quite popular
in the single virus imaging field, for example, to study translational mobility of viruses on plasma
membrane and in cells [7-9], to probe the kinetics of virus attachment-detachment [10,11], and
quantify viral assembly at the plasma membrane [12-15].

The quality with which single molecules are ‘seen’ using fluorescence microscopy is expressed
as the signal-to-noise ratio, or simply SNR. In ‘normal’ wide-field microscopy, out-of-focus
fluorescence from regions above and below the objective lens focal plane decreases the experimental
SNR below a critical value of ~5, which means >20% of the total registered signal is, in fact, noise. A
popular way to increase the SNR is to image the sample via total internal reflection fluorescence
microscopy (TIRFM) (Figure S1C). The optical scheme for TIRFM is similar to the one for wide-field
microscopy, with the difference that the excitation light is focused off-center from the optical axis at
the objective lens’ back focal plane. This way, the excitation light exits the objective at an angle, rather
than along the optical axis. At the glass-solution interface, the light is completely reflected back
instead of being refracted into solution, when the incident angle is > the critical angle (+) given by
Snell’s law of refraction, i.e., ~61° for glass-water (see Figure S1C). At this interface, an evanescent
field is generated, i.e., part of the excitation light penetrates the sample and can excite fluorophores
close to the glass-solution interface. The penetration depth of this evanescent field is only
~100-200 nm, decays exponentially along the optical axis, and depends both on the wavelength of
the light, and the angle of incidence [16]. In other words, the fluorescence is restricted to a very thin
region close to the coverslip surface, thereby drastically increasing the SNR up to 10 or more. This
renders TIRFM a method of choice for single-molecule imaging. Many single virus imaging studies
have already been performed using TIRFM and they provide more insight into virus-membrane
attachment [17], viral assembly [18], viral fusion [19] or viral cell entry [20]. We typically design our
microscopes to allow easy switching between wide-field and TIRF modes, although simultaneous
wide-field and TIRF imaging is also possible using synchronized electronic shutters [21]. The latter
has been used in HIV research to visualize viral assembly at the plasma membrane while
simultaneously monitoring cytosolic components. In the main text, we have discussed our
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investigations using TIRFM on immobilized viruses (Figure 1A in section 3 of the main text) [2],
virus-membrane attachment (section 4) [5] and viral budding (section 7) [4].

As TIRFM is limited to imaging processes close to the microscope coverslip, this inhibits its
application for single molecule or single viral imaging inside 3D specimens such as cells and cellular
compartments. To balance the high SNR offered by TIRFM and the possibility of imaging molecules
in three dimensions offered by normal wide-field microscopy, highly inclined and laminated optical
sheet (HILO) [22] was developed, also referred to simply as ‘quasi-TIRFM'. In quasi-TIRFM, the
excitation light incidents at the glass-water interface at an angle slightly below the critical angle (+).
This causes the excitation light to refract into the sample in the shape of a thin 1-2 ym ‘sheet’ (Figure
51D). Since molecules outside the sheet are hardly excited, the SNR is considerably better than for
normal wide-field (around 5-10). In section 5 of the main text, we have reviewed our application of
quasi-TIRF to study protein interactions within subcellular viral complexes [1].
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Figure S1. A) Scheme of a dual-color wide-field microscope with illumination profiles allowing B)
wide-field, C) TIRF and D) quasi-TIRF microscopy. DM = dichroic mirror, ©/2 = half-wave plate, /4
= quarter-wave plate BE = beam expander consists of two planoconvex lenses, D = diaphragm
(regulates the amount of light passing through), FL = focusing lens, PM = polychroic mirror, TL =
tubes lens, EF = emission filter, EMCCD = electron-multiplying charge-coupled device, dp =
penetration depth of evanescent field, n = refractive indexes and 11 > na.

2. Confocal imaging

In confocal laser scanning microscopy (CLSM), the registered fluorescence originates from only
a very small (~1 um?) excited region in the sample, and images are made by scanning the laser beam
through the sample in a raster-scanning mode and recording the photons pixel by pixel. In a typical
confocal microscope (Figure 52), Gaussian distributed and perfectly concentric excitation beams are
obtained by combining all lasers into a single-mode optical fiber. The output of the fiber is collimated
by an apochromatic collimating lens and sent through a pair of closely spaced galvanometric x-y
scanning mirrors (also termed ‘galvo’). A beam expander projects the mid-point between the mirrors
onto the back focal plane of the objective lens, and ensures the latter is slightly overfilled with light.
As opposed to wide-field fluorescence, the objective lens now focuses all the incident light into a
single diffraction-limited focal point, with dimensions given by the Rayleigh criterion. As the
fluorescence goes back through the galvo, the resulting beam can be focused by the microscope’s
tube lens through a 50-100-um diameter immobile pinhole, that efficiently rejects out-of-focus light.
Finally, the light is detected on a point detector such as a photomultiplier tube (PMT) or a more
sensitive avalanche photodiode (APD). Images are finally built up by scanning the excitation spot
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pixel- and line-wise over the sample. The excitation power density in confocal microscopy needed
for good a SNR is typically somewhat higher (0.3-3 kW/cm?) than for wide-field microscopy because
(i) the pinhole rejects some in-focus light, (ii) generally, more optics are between the sample and
detector, (iii) detectors for wide-field microscopy are still superior in terms of detection efficiency,
and (iv) it ensures enough photons can be acquired in the little time the excitation spot spends in
each pixel (typically around 20 ps, which is some 1000-fold smaller than for wide-field microscopy).
Because of the focused excitation and the optical sectioning by the pinhole, confocal microscopy
generates sharp optical slice of the imaged sample. Moreover, if image stacks are recorded with each
slice partially overlapping along the optical axis (the z dimension), confocal microscopy can be used
to generate a 3D reconstructed image of the specimen. Confocal microscopy has been popular in
virus research for localizing single viruses in different compartments of fixed and live cells either at
different time of infection or in real-time. The majority of these studies are focused on the viral spatial
distribution and colocalization with other viral/cellular components, providing insights into their
role in processes such as nuclear import of viruses [23-25]. We have used confocal microscopy to
localize labeled human immunodeficiency virus type 1 (HIV-1) inside cells [2] and to assess the
number of fluorescently labeled integrase enzyme units inside subcellular viral complexes (section
5 of the main text) [1].

The drawback of the laser scanning process in CLSM is that the achieved framerate is only on
the order of 1 Hz, hence only very slow dynamic processes can be directly visualized. Using image
correlation spectroscopy, however, biophysical properties of faster dynamic processes that are
blurred in the obtained images can still be quantified accurately (see section 6 of the main text). On
the other hand, the imaging framerate can be improved considerably by using a spinning disk (SD)
CLSM [26]. Here, the specimen is simultaneously illuminated at multiple points using two laterally
aligned disks, one holding an array of micro-lenses, the other the associated pinholes. By spinning
the disk, an array of collimated focused laser beams scans the specimen. The emitted photons from
the scanned points are simultaneously detected using one or more EMCCD cameras. SD-CLSM has
been used successfully for the real-time tracking of viruses in cells [7,27].
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Figure S2. Scheme of a dual-color continuous wave (CW) CLSM with illumination profile of a
confocal microscopy. Here, DM = dichroic mirror, AOTF = acousto-optical tunable filter SMF =single-
mode optical fiber, BE = beam expander consists of two planoconvex lenses, PM = polychroic mirror,
TL = tubes lens, AL= achromatic lens (reduces chromatic aberration), EF = emission filter, APD =
avalanche photodiode.



3. Confocal imaging using pulsed interleaved excitation

Multicolor fluorescence microscopy suffers from spectral emission crosstalk or bleed-through,
the leakage of a blue-shifted (lower wavelength) fluorophore’s emission into the red-shifted
fluorophore’s detection channel. This problem is classically dealt with by sequentially exciting the
sample with each used laser every other image frame (or even every other image line in modern
confocal microscopes), and is commonly referred to as alternating laser excitation (ALEX) [28]. One
step further is pulsed interleaved excitation (PIE), or alternating excitation on the nanosecond
timescale. The advantage of PIE over standard ALEX is the ability to probe also very dynamic
processes (us-ms timescale) accurately with multicolor microscopy [29,30]. Although the optical
scheme of a typical PIE-CLSM appears similar to that of a normal CLSM at first sight, there are some
crucial differences (Figure S3A). PIE employs so-called time-correlated single photon counting
(TCSPC) [31], a method that allows timing photons relative to the moment the fluorescent molecule
was excited by the laser. Doing so requires (i) ultrafast pulsing (in picoseconds) lasers instead of
normal, continuous wave lasers, (ii) detectors that can operate in the ‘single-photon counting’ mode
and (iii) picosecond resolution photon timing electronics that synchronize all lasers and detectors. A
PIE-CLSM is commercially available as a standalone instrument, but a normal CLSM can nowadays
also be upgraded without much ado, and literature exists on how to build a PIE-CLSM for the more
adventurous virologist [30,32,33].
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Figure S3. A) Scheme of a PIE-CLSM with pulsed laser sources and a TCSPC device in addition to
the optical setup of the CLSM illustrated in Figure S2. The red excitation pulses interleave the green
ones and they are presented with the broken lines. B) Illustration of a two-color excitation and TCSPC
detection (fluorescence decay) experiment in a PIE-CLSM microscope. C) Cross-talk free
species-selective images obtained from the fluorescence decay of the selected time gates (gray areas
in Figure S3B). Here, DM = dichroic mirror, SMF = single-mode optical fiber, BE = beam expander
consists of two planoconvex lenses, PM = polychroic mirror, TL = tubes lens, AL= achromatic lens
(reduces chromatic aberration), EF = emission filter, APD = avalanche photodiode.



The raw data obtained from a two-color PIE-CLSM displays the fluorescence decay of each
imaged fluorophore (Figure S3B). In the red-shifted fluorophore’s detection channel, the blue-shifted
fluorophore’s crosstalk is shifted in time relative to the direct emission of the red fluorophore (see
Figure S3B). This picosecond timestamp of the data is then used to discard the crosstalk a priori,
before rendering clean two-color images and image series devoid of crosstalk (Figure S3C). We used
PIE-CLSM to study cytosolic assembly of the HIV structural protein Gag before visible membrane
attached punctae (section 6 of the main text) [3].

The fluorescence decay, as obtained on a PIE-CLSM microscope, reports on the fluorophore’s
direct environment, and is mostly independent of the fluorophore’s concentration. It can be analyzed
to sense structural changes of the molecule to which the fluorophore is attached, to probe molecular
interactions via Forster resonance energy transfer (FRET) [34], or to simply provide contrast in
microscopy images that are otherwise information-poor, to name just a few applications [35,36]. For
a more detailed description of fluorescence lifetime imaging microscopy (FLIM), the reader is
referred to the literature [37,38]. When combined with polarization optics, the fluorescence emission
anisotropy can be determined in addition to the fluorescence intensity and lifetime. The anisotropy
reports on rotational diffusion of the excited fluorophore within its fluorescence lifetime, but can
also be used to quantify molecular interactions [39]. Single-color or PIE-CLSM imaging of the
fluorescence intensity, lifetime and anisotropy is also termed multi-parameter fluorescence imaging
spectroscopy (MFIS) [40].
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