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Abstract :  

Visualization of viruses in the host cell during the course of infection by  correlative light-

electron microscopy (CLEM) requires a specific labelling of the viral structures in order to 

recognize the nanometric viral cores in the intracellular environment. For Human 

immunodeficiency virus type 1 (HIV-1), the labelling approaches developed for fluorescence 

microscopy are generally not suited for transmission electron microscopy (TEM), so that 

imaging of HIV-1 particles in infected cells by  CLEM is not straightforward. Herein, we adapt 

the labeling approach with a tetracystein tag (TC) and a biarsenical resorufin-based label 

(ReAsH) for monitoring the HIV-1 particles during the early stages of HIV-1 infection by 

CLEM. In this approach, the ReAsH fluorophore triggers the photo-conversion of 3,3-

diaminobenzidine tetrahydrochloride (DAB), generating a precipitate sensitive to osmium 

tetroxide staining that can be visualized by transmission electron microscopy. The TC tag is 

fused to the nucleocapsid protein NCp7, a nucleic acid chaperone that binds to the viral genome. 

HeLa cells, infected by ReAsH-labeled pseudoviruses containg NCp7-TC proteins exhibit strong 

fluorescent cytoplasmic spots that overlap with dark precipitates in the TEM sections. The DAB 

precipitates corresponding to single viral cores are observed all over the cytoplasm, and notably 

near microtubules and nuclear pores. This work describes for the first time a specific contrast 

given by HIV-1 viral proteins in TEM images and opens new perspectives for the use of CLEM 

to monitor the intracellular traffic of viral complexes. 
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Introduction 

Imaging of human immunodeficiency virus 1 (HIV-1) in an infected cell during the early stages 

of infection represents a challenging task. Photon or electron microscopies both require specific 

labeling of viral structures that does not alter their functions or decrease the infectivity of the 

virus. Genetic fusions of viral proteins (Vpr, Integrase or Matrix) with fluorescent proteins or 

tags have been used to track HIV-1 in the early steps of infection by fluorescence microscopy [1-

5]. More recently, simultaneous labeling of viral DNA by click chemistry or FISH (Fluorescence 

In Situ Hybridization) and viral capsid by high affinity peptides or antibodies permitted to 

investigate the uncoating process [3, 6-10]. However, fine modifications of the viral structures 

and their location relative to celullar organelles could not be observed in these studies due to the 

resolution limits of fluorescence microscopy.  

Such information can in principle be provided by electron microscopy (EM) techniques. While a 

number of EM studies focused on the late stages of infection and notably on the assembly 

process at the plasma membrane, where newly synthetized virions are easily identifiable by their 

morphology [11-16], only a few EM studies [17] reported on the early stages of infection, due to 

the paucity of specific labeling strategies for monitoring the viral complexes by EM. To 

circumvent this limitation, EM is used in combination with other imaging techniques in a 

correlative approach (CLEM) [18]. A pioneering photonic-Cryo-TEM (transmission electron 

microscopy) correlative study was applied to image HIV-1 during fusion to the plasma 

membrane and shortly after the release of the viral core into the infected cell [19]. In cells 

infected with HIV-1 pseudotyped viruses, the correlation of the Vpr-eGFP fluorescence images 

with the EM images of the typical conical capsid allowed the uncoating process to be followed 

as a function of time. This study showed that already after 40 minutes of infection, more than 

50% of theVpr-containing fluorescent particles did no longer contained a conical capsid in TEM 

images, and were thus already uncoated. Similarly, the fluorescence signals of HeLa cells 

infected with HIV-1 pseudotyped viruses containing mCherry-Vpr were correlated to electron 

dense curved or conical shapes in a set of multiresolution focused ion beam scanning electron 

microscopy (FIB-SEM) images [20]. The same approach was also used to study the topography 

of virus-containing compartments after cell to cell transmission of HIV-1 viruses via virological 

synapses [21]. In all these studies, the HIV cores do not provide a specific EM signal, so that 

their identification is only based on the recognition of their characteristic conical shapes, limiting 

the observations to events prior to the capsid disassembly (uncoating). Therefore, EM 

observation of uncoated HIV-1 cores needs previous structure identification through the photonic 

image of a CLEM study.  
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In order to solve this problem, we applied herein, an experimental approach that generates a 

specific contrast for both photonic and electron microscopy. To produce fluorescent HIV-1 

particles that provide EM contrast, we fused a tetracystein (TC) tag to the nucleocapsid domain 

of the Gag polyprotein precursor [22]. After Gag cleavage by the viral protease, the TC tag is at 

the C-terminus of the mature nucleocapsid protein (NCp7) in the infectious mature viral particle. 

NCp7 is a nucleic acid chaperone protein that plays key roles throughout the HIV-1 viral cycle 

[23-29]. In the mature virion, approximately 2000 NCp7 molecules coat and protect the viral 

genome. After cell entry, the nucleic acid chaperone activity of NCp7 stimulates the reverse 

transcription (RTion) process [25, 30-33]. Though NCp7 molecules may partly dissociate from 

the viral core during RTion [34], a fraction of the NCp7 molecules remains likely bound to the 

retrotranscribed viral DNA (vDNA) together with other cellular and viral proteins and notably 

the integrase. The dissociation of NCp7 molecules is thought to be also associated with the 

uncoating of the viral core during its traffic to the nucleus. To image this traffic in a context 

mimicking real infection, the pseudoviruses containing NCp7-TC were labeled by ReAsH just 

before being incubated with HeLa cells. ReAsH, a biarsenical derivative of resorufin, becomes 

highly fluorescent when it binds to the TC tag [35]. This fluorophore can also be used for the 

oxidation and polymerization of 3,3-diaminobenzidine tetrahydrochloride (DAB), generating a 

precipitate sensitive to osmium tetroxide staining that can be visualized by TEM [36]. ReAsH 

was already used to image by CLEM the cellular traffic of connexins and the dynamics of Golgi 

assembly [36, 37].  

Our study reports the first CLEM  visualization of HIV-1 viruses, using the TC/ReAsH labelling. 

As a result of the ReAsH-mediated DAB photooxidation, HIV-1 viral particles could be 

visualized in the cytoplasm of infected HeLa cells by both confocal fluorescence microscopy and 

TEM. The co-localization of the photonic and electronic contrasts clearly indicated that the 

observed structures were viral cores. Electron dense precipitates of different sizes and 

morphologies were observed. The 200-500 nm precipitates surrounded by membrane vesicles 

were assigned to pseudoviruses within endosomes, lysosomes or cellular peroxisomes. The ~200 

nm precipitates without external membrane were assigned to individual free viral cores. The 

latter were observed in the cytoplasm close to microtubules. In the perinuclear area, the DAB 

precipitates were observed near nuclear pores, suggesting that the viral particles docked to 

nuclear pores still contain a significant pool of NCp7 proteins.  

 

1. Materials and Methods 
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Cell culture 

HeLa and 293T cells were cultured in Dulbecco’s modified Eagle medium (1g/L glucose for 

HeLa cells and 4.5 g/L glucose for 293T cells) supplemented with 10% fetal calf serum 

(Invitrogen Corporation, France) and antibiotics penicillin and streptomycin  (100 U/mL) at 

37°C in a 5% CO2 atmosphere.  

Production of vectors and viruses 

The packaging pCMV_dR8.91 plasmid used for lentiviral production was modified according to 

Perreira et al. [22] in order to insert the  AG-CCRECC-ERQUAN sequence, containing the 

tetracystein tag, to the C-terminus of the NC domain  in the Gag coding sequence. The protease 

cleavage site at the C-terminus of the NC domain was conserved by duplicating the last 5 amino 

acids of the mature protein NCp7 coding sequence [22] . 

HIV-1 pseudotyped viruses were prepared using a protocol based on Arhel et al. 2006 and Lelek 

et al 2012 [1, 4]. Briefly, 4x10
6
 293T cells were plated on to 100 mm diameter plastic petri 

culture dishes in complete DMEM and 24 h later co-transfected by the VSV-G coding plasmid 

pMD2-G (3 µg), the modified packaging plasmid pCMV_dR8.91 (6 µg) and the transfer vector 

pSicor-luciferase (12 µg) using jetPEI
®
 (PolyPlus transfection, France) according to supplier’s 

recommendations. At 24 h post transfection, the culture medium was replaced by serum-free 

medium. The cell supernatant collected 48 h post transfection was filtered through 0.45 µm low 

binding filters (Millipore, France) in order to eliminate large cellular debris and was further 

concentrated by centrifugation on Vivaspin collection tubes with a cutoff of 50 kDa (Sartorius, 

Intec, France). 

The concentration of p24 antigen was measured by a p24 ELISA test (Innotest HIV Antigen 

mAb, InnoGenetics, Belgium). The aliquots of viral particles were stored at -80°C.   

The infectivity of the pseudoviruses was quantified by luciferase luminescence measurementsat 

24 h post-infection. Briefly, HeLa cells were plated in a 96-well plate (5.10
3
 cells /well) and 

infected with a quantity of each virus corresponding to the same amounts of equivalent p24 

(0.13, 0.38, 1.14, 3.43 and 10.3 ng equivalent of p24 ) in complete DMEM containing 8 µg/mL of 

polybrene. For each condition the cells were plated in triplicate. After 24 h, the cells were 

washed with PBS and lysed using a cell culture lysis buffer (Promega, France) supplemented 

with 0.5 % Triton-X100 during 20 min at room temperature. Luciferase activity was measured 

with a luciferase assay (Promega, France) according to supplier’s recommendations in a Berthold 

TriStar luminometer (LB941, Berthold Technologies, Germany). 
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ReAsH labeling of the pseudoviruses and infection 

The viral supernatants (containing ~0.5 µg of p24) were labeled at room temperature (RT) with 1 

µM ReAsH-EDT2 (Molecular Probes, France), 1 µM beta-mercaptoethanol, 1 µM Tris (2 

carboxyethyl) phosphine (TCEP) and 10 µM 1,2-ethanedithiol in a total volume of 1 mL of 

serum-free medium. The unbound fluorophores were washed out by an ultracentrifugation step 

(100 000 g for 30 min at 4°C). Virus-containing pellets were resuspended in 200 µL of PBS and 

deposited on HeLa cells. After 2 hours the infected cells were washed with PBS and incubated in 

complete medium for additional 3 hours. 

Confocal microscopy 

Confocal microscopy experiments were performed on a Leica SPE II microscope equipped with 

a 63× oil immersion objective (HXL PL APO CS ,63 × oil, NA  1.4, Leica). ReAsH fluorophores 

were excited with a 561 nm laser line. The emitted fluorescence was detected by a PMT with a 

580-700 nm detection window.  

CLEM  

50x10
3
 HeLa cells were deposited in complete DMEM medium in a 12 well plate containing a 

laser micro-patterned Aclar® support [38]. 24 h later, cells were infected with labeled pseudoviral 

particles. After 2 h of infection at 37°C, cells were washed in PBS, incubated for additional 3 h 

at 37°C and fixed with 2% glutaraldehyde at RT. ReAsH-induced DAB photooxidation was 

realized following a protocol adapted from Gaietta et al [39].  Cells were pre-treated in an ice-

cold blocking buffer containing 10 mM potassium cyanide, 10 mM aminotriazole and 20 mM 

glycine in 0.1 M sodium cacodylate for 20-30 min.  Directly after substitution of the blocking 

buffer with an ice-cold solution of 10 mg/mL 3,3’-Diaminobenzidine tetrahydrochloride (DAB) 

in 0.1 M cacodylate buffer, cells were illuminated by a metal halide Leica EL6000 lamp with an 

excitation bandpass filter (510-560 nm) for 10-15 min until total photobleaching of the 

fluorophore and appearance of brownish precipitates. The ice-cold drop of DAB solution was 

changed every 5-7 min. After DAB photoconversion, the samples were washed 3-5 times during 

5 min with 0.1 M cacodylate buffer and post-treated for EM by the following procedure. First, 

cells were fixed 30 minutes in a 0.1 M sodium cacodylate buffer containing 2% glutaraldehyde 

at RT. They were then rinsed two times with cacodylate buffer and postfixed for 30 min in 1% 

osmium tetroxide in the dark on ice. After extensive rinses with distilled water, an en bloc 

staining was carried out by incubation in 1% uranyl acetate overnight at 4°C and rinsing with 
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distilled water. Dehydration was performed in graded series of ethanol solutions (50%, 70%, 

90% and 3x 100% ; quickly rinsed and incubated during 10 min each on ice). The dehydrated 

samples were then embedded in an epoxy resin (50% in ethanol overnight, and 2x 100% 2 h). 

The blocks were finally polymerized at 60°C for at least 48 h.  Ultrathin serial sections (80 nm) 

of selected cells were cut with a Leica ultracut UCT. Sections were examined using a Philips 

CM12 transmission electron microscope (CM12, Philips; FEI Electron Optics, Eindhoven, the 

Netherlands) operated at 80 kV and equipped with an Orius 1000 CCD camera (Gatan, 

Pleasanton, USA). 

The z sections of the photonic and electronic images of the whole cell were superimposed. The 

viruses were then identified from the DAB precipitates corresponding to fluorescent spots. Next, 

these precipitates were imaged with a higher magnification. Since the identification of the 

pseudoviruses was straightforward due to their high contrast as compared to the cellular 

background  in both fluorescence and TEM images, no specific algorithm was used for the 

correction of the sample distortion.  

 

2. Results  

Addition of a fluorescent tag to NCp7 while preserving the protein function and HIV-1 

infectivity is challenging due to the small protein size (7 kDa), its highly conserved structure and 

key functions, and the fact that each virion contains a tightly packed viral RNA coated by more 

than 2000 copies of NCp7 To minimally perturb the structure and function of NCp7, we fused it 

to a small tetracystein tag (CCRECC)  labeled with a biarsenical resorufin-based label (ReAsH) 

[35, 40]. The tetracystein tag was inserted at the C-terminus of the NC domain in the polyprotein 

Gag coding sequence together with the last 5 amino acids of the mature protein in order to 

preserve the protease cleavage site [22] (Figure 1A,B). Moreover, during the labeling protocol, 

the fluorescent dye was added only after the virus production step to minimize possible 

perturbations on the viral assembly process. Coupling of the TC tag to NCp7 and ReAsH 

labelling preserved the virus infectivity, which was about 60% of the infectivity of the WT virus 

(Figure 1C).  

In order to observe the ReAsH-labeled viral complexes in the host cells by CLEM, we 

adapted the DAB photooxidation protocol described by the Gaietta group [39, 41, 42]. HeLa 

cells were deposited on a custom gridded ACLAR film support adapted for the preparation of 

TEM samples [38, 43] and infected with ReAsH-labeled HIV-1 pseudoviruses containing NCp7-

TC (Figure 1D). Two hours after infection, the pseudoviruses were washed out and the cells 
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were incubated in fresh complete medium for another 3 hours. After fixation with 2% 

glutaraldehyde, the samples were imaged by confocal microscopy (Figure 1E). Infected cells 

contained many fluorescent spots distributed in the cytoplasm and sometimes in the nuclear 

region.   

 

Figure 1: Sample preparation for CLEM. (A) Packaging plasmid used for VSV-G pseudotyped HIV-1 

particle production coding for NCp7-TC. (B) Scheme of ReAsh-labeled HIV-1 pseudovirus containing NCp7-TC. 

(C) Luciferase activity of HeLa cells infected for 24 h with pseudoviruses containing NCp7-TC relative to the 

activity of WT pseudoviruses. Plotted value represents the mean and SD of 5 infections at 5 different ng equivalent 

of p24: 0.13, 0.38, 1.14, 3.43 and 10.3 ng) (D) Sample preparation for CLEM experiments. HeLa cells cultured on 

custom gridded aclar supports were infected with ReAsH-labeled HIV-1 pseudoviruses containing NCp7-TC. Two 

hours after infection, the pseudoviruses were washed out and cells were incubated for another 3 hours in fresh 

complete medium. (E)  After fixation, the cells were imaged by confocal microscopy.   

Following fluorescence imaging, the samples were incubated for 30 minutes on ice with a 

blocking buffer (see Materials and Methods) in order to minimize the non-specific oxidation of 

DAB by mitochondrial enzymes [37, 44]. The blocking buffer was replaced by a drop of fresh 

cold DAB solution and the samples were illuminated on the microscope stage with a xenon lamp 

using a rhodamine filter (510-560 nm) for 10-15 minutes (Figure 2A). 

The principle of the photooxidation reaction is shown in Figure 2B. Excited ReAsH 

fluorophores can pass by intersystem crossing to the triplet state which is coupled to the 

generation of singlet oxygen and superoxide radical. These reactive species induce DAB 
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polymerization, forming a brownish precipitate that is sensitive to osmium staining. As a result, 

this reaction provides a dark TEM contrast at the location of the ReAsH-TC complexes. The 

crucial parameter in this photooxidation process is the intersystem crossing rate. Since this 

parameter varies inversely with the fluorescence quantum yield, many bright fluorophores are 

not suitable for photooxidation labeling. ReAsH appears as a good compromise, being bright 

enough for fluorescence microscopy, but also producing a high output of singlet oxygen.  

 

 

Figure 2: ReAsH-triggered photoconversion of DAB. (A) The photoconversion is realized on a microscopy stage 

using a xenon lamp and a rhodamine excitation cube. (B) ReAsH specifically bound to the TC tag is excited by the 

light source. Through intersystem crossing, the probe passes to the triplet state, which triggers the production of 

reactive oxygen species. In turn, these species cause DAB oxidation and polymerization, generating a precipitate in 

close proximity to the ReAsH-TC complexes. Brownish DAB polymer is rendered electron dense upon treatment 

with osmium tetroxide [41, 45]. (C) Brightfield images of infected and non-infected cells before and after the 

photooxidation process. The insert shows a fluorescence microscopy image of the cells. Scale bar 10 µm (D). For 

electron microscopy, the sample is additionally fixed by osmium tetroxide, dehydrated and resin embedded. (E) 

ROIs with photooxidised cells are then cut into 80 nm slices by an ultramicrotome and deposited on a slot grid for 

TEM observation (F).  
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In order to check the generation of DAB precipitates, the samples were imaged by 

brightfield microscopy before and after photooxidation (Figure 2C). Infected cells with 

fluorescent cytoplasmic puncta corresponding to viral complexes (insert) showed a dense 

brownish precipitate of DAB after photooxidation. No significant difference was observed in  

photoxidized uninfected cells used as controls. Following photooxidation, the samples were 

stained by osmium tetroxide, dehydrated, embedded into a resin and sectioned by an 

ultramicrotome (Fig. 2D, E). Final slices of 80 nm thickness were deposited on a copper slot grid 

and imaged by transmission electron microscopy (Fig. 2F) without any additional poststaining.  

Figure 3 shows confocal and electron microscopy images of the same cells. Non infected cells 

showed only low autofluorescence (Fig. 3A). Moreover, no dark puncta but only few large dark 

aggregates that are probably artifacts of sample preparation, were observed in the corresponding 

TEM images (Fig. 3 B). Unlike uninfected control cells, the infected cells contained numerous 

fluorescent spots in confocal images (Fig. 3 C) and dark spots in TEM images (Fig. 3 D). Since 

individual ReAsH fluorophores are not  bright enough to provide sufficient contrast in confocal 

microscopy and can not generate enough ROS for efficient DAB photo-oxidation, the observed 

spots likely correspond to viral cores containing a large number of NCp7-TC/ReAsH complexes. 

As shown in the merged image (Figure 3E), most dark precipitates observed in TEM have their 

corresponding fluorescent spots in the confocal image (white arrows). The opposite is not true, 

because of the difference in the volume of the imaged sample in the two techniques. Indeed, the 

sample slice thickness for TEM is 80 nm, while the fluorescence signal is collected within a 

focal depth of 500 nm. As a result, much more NCp7-TC/ReAsH complexes are imaged by 

fluorescence microscopy than by TEM images. Despite  the distortion introduced by the TEM 

preparation during the fixation and dehydration steps, it was possible to superimpose the 

photonic and TEM images and to identify corresponding individual virions (Figure 3 F and G).  
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Figure 3. CLEM observation of cells infected by ReAsH-labeled pseudoparticles containing NCp7-TC. 

Fluorescence microscopy images (A, C) and corresponding TEM images (B, D) of non infected (A, B) and infected 

(C, D) HeLa cells. (E) Merged image of (C) and (D). White arrows indicate the regions where the spots from 

fluorescence and TEM images are superimposed.  Scale bar 10 µm. Confocal (F) and TEM (G) images of individual 

viral particles corresponding form the white rectangle in D. Scale bar 200 nm. 
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TEM micrographs of HeLa cells infected by ReAsH-labelled HIV-1 particles containing 

NCp7-TC proteins revealed different types of cytoplasmic vesicles densely marked by DAB 

precipitates. It should be kept in mind that, unlike the wild type HIV-1, the pseudoviruses used in 

this study contain VSV (Vesicular Stomatitis Virus) glycoproteins and enter the host cell via 

clathrin-mediated endocytosis. Once in the cytoplasm, when the endosomal pH decreases, they 

are released and transported to the perinuclear area via the microtubule network in the same way 

as wild-type viruses [46].  As a result of cell entry by endocytosis, the large (300-500 nm) 

cytoplasmic vesicles which contain dense black patches (Fig. 4A and B, red arrows), may 

correspond to viral particles entrapped in endosomes or lysosomes and/or to cellular 

peroxisomes containing reactive oxygen species which might oxidise DAB. Membraneless dark 

spots with a diameter of about 200 nm (varying between 100-300 nm) containing heterogeneous 

precipitates with fuzzy edges (Fig. 4A and B green arrows) most likely correspond to free 

individual viral complexes. To check whether these spots may not be part of a larger particle, 

several consecutive TEM sections were imaged. These viral complexes were found throughout 

the cytoplasm, and in the perinuclear area. Their difference in size with the average size (~ 100 

nm) of an HIV-1 RTC is likely due to the fact that the singlet oxygen generated by 

photooxidation can diffuse in the cytoplasm before its de-excitation and generate DAB polymers 

distant from the ReAsH location. Taking into account the diffusion coefficient and lifetime of 

singlet oxygen in the cellular environment, the covered distance is approximately 100 nm, in line 

with the size of the observed precipitates [47-49] (Figure 4 C-F). DAB precipitates containing 

darker regions of conical shape may be the result of the hindered 
1
O2 diffusion in the viral cores 

with collisions with the viral proteins, and notably the capsid shell (Figure 4 H).  
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Figure 4. TEM micrographs of HeLa cells infected for 8 h by HIV-1 pseudoparticles containing ReAsH-

labeled NCp7-TC. (A,B) DAB precipitates corresponding to free (green arrow) and peroxisomes or 

endosomes/lysosomes-trapped viral complexes (red). (C-H) Zoomed images of roundish  heterogeneous precipitates 

(~200 nm) corresponding to free HIV-1 viral complexes. Scale bar 200 nm 

 

Membraneless viral complexes were sometimes observed  in the proximity of 

microtubules (Figure 5A, white arrows). These complexes may represent free cytoplasmic RTCs 

that are being transported to the perinuclear area. No precipitate was observed in the nucleus, but 



13 
 

TEM microscopy clearly showed viral complexes invaginated in the nuclear envelope (Figure 

5B). 

 

 

Figure 5. (A) Viral complexes in proximity to microtubules (white arrows) or (B) invaginated in the nuclear 

envelope Scale bar is 200 nm in A and B insert , 2 µm in Bt. 

 

Next, in order to check if NCp7 is present in viral complexes while entering the nucleus, 

we focused on the perinuclear area. Numerous viral complexes were found in close proximity to 

the nuclear envelope and nuclear pore complexes (Figure 6). Compared to the cytoplasmic DAB 

precipitates, the perinuclear ones were less regular. Their sizes ranged from 100 to 300 nm 

(Figure 6), and their shape varied from round (Figure 6B) to elongated (Figure 6 C,D). Even 

some asymmetric precipitates containing several small dark dots (Figure 6 A, C) were observed. 

We suppose that these precipitates reflect the concentrated ReAsH-labelled NCp7-TC proteins 

bound to viral RNA or DNA in partially uncoated cores. 

  Taken together, our data indicate that a significant amount of NCp7-TC proteins 

(necessary to efficiently photoconvert the DAB) is still present in viral complexes when they are 

about to enter the nucleus.   
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Figure 6. ReAsH-labeled viral complexes containing NCp7-TC in the perinuclear region. After 6-8 h of 

infection, numerous viral complexes were observed near to the nuclear envelope, in close proximity to nuclear pore 

complexes (yellow arrows), Scale bar in A, B, C, and D insert 200 nm, Scale bar in D is 500 nm. 

 

Discussion  

In this study, we introduced the first use of TC/ReAsH labelling for visualizing HIV-1 

viruses during the early steps of infection by CLEM. HIV-1 VSV-G pseudotyped viruses 

containing the nucleocapsid protein fused to a tetracystein tag labeled by a ReAsH fluorophore 

were used as a relevant model system for HIV-1. This approach offers the unique advantage of 

combining specific functional labeling (TC-ReAsH) and nanometric resolution, and so allows to 

observe the intracellular distribution of viral particles by confocal fluorescence microscopy and 

the cell ultrastructure by TEM. The co-localization of bright fluorescent spots with dark electron 

dense precipitates in TEM images and the absence of both signals in non-infected cells, 

unambiguously indicate that the observed particles are ReAsH-labeled viral cores. Compared to 

previous reports where fluorescence images were crucial for the identification of viral cores in 

EM images [19-21, 50], the ReAsH-triggered photooxidation of DAB used in our study 

generates a specific contrast in TEM images that allows to identify the HIV-1 viral proteins even 

without the correlation with the photonic image. Therefore, due to the high contrast in both 
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photonic and TEM images given by the same probe, the correlation between the two images is 

highly simplified and does not require any sophisticated image treatment or fiducial marker. 

The HIV-1 VSV-G pseudotyped viruses follow the cell internalization pathway of the 

vesicular stomatitis viruses and thus, enter the host cell via clathrin-mediated endocytosis [51, 

52]. After decrease of the intravesicular pH, the reverse transcription complexes consisting of the 

conical capsid containing the NCp7-coated viral RNA and viral enzymes such as reverse 

transcriptase,Vpr and  integrase are released in the cytosol [53] and follow the same early steps 

of replication as the wild-type HIV-1.  

TEM images of cells infected by the ReAsH-labeled pseudoviruses containing NCp7-TC 

showed several types of DAB precipitates. Membrane vesicles of sizes between 200 and 500 nm 

containing black DAB precipitates most probably correspond to cellular peroxisomes or 

pseudoviruses trapped in endosomes, lysosomes, or any other type of cell vesicle. The main 

drawback of the DAB correlative studies is the loss of lateral resolution related to the diffusion 

of the ROS [54]. It is known that lipid membranes block the diffusion of singlet oxygen 

therefore, when used to identify the proteins present in membranous organelles such as Golgi 

apparatus, ER or lipid vesicles, DAB precipitates fill the whole lumen [55-57]. In our study, we 

suppose that the ReAsH-labelled pseudoviruses entrapped in membranous vesicles generated 

DAB precipitates that fill almost the whole lumen of the vesicle which consequently appears as a 

round dark and heterogeneous structure with no identifiable viral cores inside.  

 On the other hand, membraneless precipitates with fuzzy edges most probably 

correspond to free viral complexes. This type of precipitates is sometimes observed in the 

vicinity of microtubules, in line with a microtubule-mediated transport of HIV-1 to the nucleus 

[1, 5]. During its journey in the cytoplasm, the cone-shaped capsid disassembles and the viral 

RNA containing reverse transcription complex (RTC) is converted into the integration competent  

DNA-containing preintegration complex (PIC) that is internalized into the nuclear compartment. 

These processes take up to 16 hours for most virions [58], although the first nuclear PICs were 

observed by confocal and high resolution microscopy already 2 hours after infection [2, 4]. 

Therefore, in our conditions (5 hours post infection), different intermediates in the conversion of 

RTC to PIC must be present in the cytoplasm. This is fully consistent with our observations of 

different types of DAB precipitates, ranging from homogeneous and even cone-shaped structures 

(Figure 4) to irregular dotted structures (Figure 6). While the former probably correspond to 

RTC complexes, the latter are probably the result of the release of ReAsH-labeled NCp7-TC 

proteins during the RTC to PIC conversion. However it should be stressed that due to the 

diffusion of the ROS during the photooxidation (up to 100 nm) and the consequent loss of lateral 
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resolution, the morphology information should be interpreted cautiously [55]. In the ReAsH-

labeled pseudoviruses, diffusing ROS may be hindered by collisions with other viral proteins and 

barriers such as the capsid structure. The diffusion would thus greatly depend on the capsid 

packaging which is variable as the capsid is progressively disassembled during the course of an 

infection. By consequence, the DAB precipitates do not fully reflect the actual structure of the 

viral complexes. Thus even if the resolution of TEM reaches nanometric level, it is not possible 

to clearly resolve the fine structure of the pseudoviruses by using the DAB approach.  

It should be noted that fluorescent particles or  DAB precipitates were not observed in the 

nucleus of infected cells. Possibly, the decrease of the number of ReAsH-labeled NCp7-TC 

proteins in the viral complexes prior to the nuclear entry limits their detection in the nucleus. 

Due to the small number of remaining NCp7-TC/ReAsH molecules and the rapid bleaching of 

the ReAsH fluorophores, confocal microscopy may fail to detect viral complexes and the 

oxygenated species produced may be insufficient to densely precipitate DAB for TEM detection 

in the nucleus. However, numerous viral cores were observed in proximity of the nuclear 

envelope and NPCs by both confocal and electron microscopy, which indicates that a significant 

number of NCp7-TC/ReAsH copies is still present in the viral complexes when they are about to 

enter the nucleus. Assuming that the release of NCp7 molecules is related to RTC conversion to 

PIC and capsid disassembly [6], these results favor for the observed particles the cytoplasmic 

uncoating model in which the capsid structure, inspite the possible loss of its integrity [19, 59], 

remains  present during the transport of the viral core to the nuclear periphery [60].   

 

Conclusion: 

Taken together, we presented a first CLEM study of HIV-1 pseudoviruses labeled by the 

TC/ReAsH approach in infected HeLa cells. Co-localization of fluorescence particles in confocal 

images with dark spots in electron microscopy images clearly indicates that the structures 

observed are cytoplasmic viral cores. Compared to previous CLEM studies of HIV-1 infection, 

this work describes for the first time a correlative dye system that provides specific contrast in 

both fluorescence and electron microscopy images. This technique opens new perspectives for 

the study of the intracellular distribution of NCp7 and other viral proteins during the cytoplasmic 

trafficking of  viral particles, which was not possible before, due to the lack of specific 

fluorescent markers giving a contrast in EM. By perturbing different steps of the viral cycle 

(reverse transcription, capsid disassembly, integration…), it will also be possible to obtain 
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fundamental information on the mechanism of viral infection. In addition, CLEM imaging will 

be beneficial in identifying the mechanism of action of new antiviral agents.   
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