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SUMMARY

Cryo-electron tomography (cryoET) allows 3D visual-
ization of cellular structures at molecular resolution
in a close-to-native state and therefore has the
potential to help elucidate early events of HIV-1 infec-
tion in host cells. However, structural details of
infecting HIV-1 have not been observed, due to tech-
nological challenges in working with rare and
dynamic HIV-1 particles in human cells. Here, we
report structural analysis of HIV-1 and host-cell inter-
actions by means of a correlative high-speed 3D live-
cell-imaging and cryoET method. Using this method,
we showed under near-native conditions that intact
hyperstable mutant HIV-1 cores are released into
the cytoplasm of host cells. We further obtained
direct evidence to suggest that a hyperstable mutant
capsid, E45A, showed delayed capsid disassembly
compared to the wild-type capsid. Together, these
results demonstrate the advantages of our correla-
tive live-cell and cryoET approach for imaging
dynamic processes, such as viral infection.

INTRODUCTION

Following fusion of the viral and host membranes, the HIV-1
capsid core is released into the cytoplasm of the host cell. The
viral capsid disassembles in a process termed uncoating, and
reverse transcription of the viral genome takes place (Freed,
1998; Aiken, 2006; Ganser-Pornillos et al., 2008). Uncoating is
an essential yet poorly understood process that is generally
assumed to occur rapidly and spontaneously (Grewe et al.,
1990; Miller et al., 1997). Previous studies of the early stages of
HIV-1 infection primarily employed live-cell fluorescence
imaging to gain insight into the many steps of the HIV-1 life cycle
(McDonald et al., 2002; Arhel et al., 2006; Jouvenet et al., 2008;
Koch et al., 2009), revealing specific interactions between viral
components and cellular factors (Maertens et al., 2005; Wu
et al.,, 2006). However, the structural details underlying these

steps, particularly disassembly of the viral core, are poorly
defined.

Cryo-electron tomography (cryoET) has the potential to fill
some critical gaps in our understanding of HIV-1: cryoET allows
three-dimensional (3D) visualization of cellular structural details
at nanometer resolution in a near-native state (Leis et al.,
2009). It has provided a wealth of ultrastructural information on
cellular compartments (Medalia et al., 2002; Cyrklaff et al.,
2007; Zhang et al., 2007; Maurer et al., 2008; Patla et al., 2010)
and purified or abundantly budding virus particles (Briggs
etal., 2003; Griinewald et al., 2003; Cyrklaff et al., 2005; Cardone
et al., 2007; Wright et al., 2007; Carlson et al., 2010). However,
due to the poor signal, low contrast, and radiation sensitivity of
unstained, frozen-hydrated specimens, acquisition of cryoET
data for a selected target of interest, such as the site where
HIV-1 enters the host cell, is often difficult. One critical challenge
is that the specimen is ruined by radiation exposure before one
finds the tiny region of interest in a relatively large cellular milieu.
This is exacerbated when the method is applied to HIV-1
because productive infection is a relatively rare and dynamic
event. On the other hand, fluorescence microscopy can be
used to follow the dynamics of a viral particle, but the method
lacks sufficient resolution to obtain a detailed understanding of
events. Therefore, approaches for combining live-cell fluores-
cence light microscopy and cryoET are highly desirable, not
only to complement the structural information obtained from
cryoET with the dynamic, functional data from fluorescence
labeling but also to accurately guide spatial and temporal
sampling in cryoET.

Preparation for and imaging of samples by correlative light
microscopy and cryoET pose many technical challenges (Plitzko
et al., 2009), but the pioneering work of Plitzko and colleagues
and others has demonstrated the feasibility of such experiments
with cultured neurons, keratinocytes, and mitochondria (Sartori
etal., 2007; Schwartz et al., 2007; Berriman et al., 2009; van Driel
etal., 2009; Rigort et al., 2010). In their work, correlative methods
were generally applied to guide the selection of regions of
interest for cryoET data acquisition of large and static structures,
and thus the methods were not suitable for the study of dynamic,
diffraction-limited virus particles and interactions between these
particles and cells at the early stages of infection. Here, we report
the development of a new correlative method that extends the
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correlative capability to a temporal dimension by using high-
speed confocal live-cell imaging and cryoET. We applied this
method not only to locate the object of interest for cryoET data
collection, as previously reported for static objects, but also to
characterize the spatial and temporal behavior of specific
HIV-1 particles in living cells and to explore the structural details
of virus-cell interactions at stages defined by live-cell analysis.
Using the correlative 3D live-cell and cryoET approach, we
directly observed HIV-1 particles (~100 nm in diameter) interact-
ing with HelLa cells at different stages of infection, prior to and
after membrane fusion. Using a hyperstable capsid mutant,
E45A, we further show intact HIV-1 cores released into the cyto-
plasm after membrane fusion.

RESULTS

Cryofluorescence Light Microscopy Stage: Design

and Performance

Our goal is to link high-resolution 3D structures of virus-host cell
complexes to the dynamics of viral particles by correlating
high-speed 3D live-cell imaging with high-resolution 3D cryoET.
CryoET requires accurate localization of the site for data collec-
tion, since recording a full tilt series typically takes 1-2 hr without
prior confirmation that the target has been captured. Although it
is possible to correlate the last fluorescence confocal image in
a live-cell series with cryoET for stationary viral particles, the
time lapse of about 2-5 min between the last confocal live-cell
image and plunge-freezing might be long enough for the position
of the fluorescent particle to change due to the movement of
either the cell or the particle itself. Thus, to facilitate cryoET
data acquisition for high-resolution 3D structure analysis, we
designed and built a cryofluorescence light microscopy stage
(Figure 1) for imaging frozen-hydrated samples. The use of the
cryostage allows a direct correlation between fluorescence
signals and cryoET data, since the specimen is immobilized by
cryofixation when fluorescence images are recorded. One
distinct advantage of our stage design over previous ones (Sar-
tori et al., 2007; Schwartz et al., 2007; van Driel et al., 2009;
Rigort et al., 2010; Carlson and Evans, 2011) is the integrated
specimen holder, which allows both light and electron micros-
copies to be performed on the same holder without specimen
transfer. More specifically, the cryo-electron microscopy (cry-
oEM) grid remains in a single specimen cartridge during both
fluorescence light microscopy and cryoEM analysis, thus mini-
mizing any risk of specimen damage during grid transfer. This
feature greatly enhances the performance of cryoET, since the
flatness and integrity of the grid are critical for successful acqui-
sition of cryoET data.

The homebuilt cryostage is quite simple and convenient to
use. It includes a self-pressurized filling Dewar connecting to
the liquid nitrogen inlet (Figure 1A, tubing 1), a liquid nitrogen
overflow outlet (Figure 1A, tubing 2), and a dry nitrogen gas
line to a sleeve over the objective lens to keep the lens warm
and free of frost (Figure 1A, tubing 3). The specimen cartridge
resides in an inner copper chamber and is cooled by the copper
block and cold nitrogen gas. Therefore, the specimen remains
stable for imaging even during refilling of liquid nitrogen. We
characterized the cooling profile of the cryostage when it was
mounted on the light microscope. As shown in Figure 1E, the
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temperature measured at the specimen cartridge reached
—171°C within 4 min and stabilized at —187°C in about 6 min.
The specimen remained steady for imaging during each refill,
which occurred typically every 10-15 min (arrows in Figure 1E).
The cryostage permitted cryofluorescence imaging for up to
approximately 4 hr, allowing several cartridge exchanges. The
optical resolution of the fluorescence microscope (van Driel
et al., 2009) with the cryostage was about 0.6 um, as measured
using both GFP-tagged HIV-1 particles and quantum dots
(Molecular Probes Inc.) (Figures 1F and 1G). Thus, fluorescent
particles can be accurately localized into the cryoET imaging
frame which is typically 2 pm X 2 um in size.

Direct Visualization of Single HIV-1 Particles within an
Infected HeLa Cell Using Correlative Light Microscopy
and Cryo-Electron Microscopy

We first evaluated whether diffraction-limited small viral particles
within an infected HelLa cell could be localized by fluorescence
light microscopy and then directly visualized with cryoEM. To
that end, HIV-1 virions, pseudotyped with the envelope glyco-
protein of vesicular stomatitis virus (VSV-G) and containing
GFP fused to HIV-1 Vpr (GFP-Vpr), were directly added to the
Hela cells cultured on carbon-coated EM finder grids (Figure 2A)
at 17 hr after plating when the cells had been through one divi-
sion and were mostly spread (see Movie S1 available online).
After 20 min of exposure to the virus at room temperature, to
allow viral attachment, cells were washed to remove unbound
virus and supplemented with fresh media. After an additional
2 hr of incubation at 37°C, over 90% of the fluorescent particles
were associated with HeLa cells (Figure S1), with several fluores-
cent particles visible in or on each Hela cell (Figure 2C and
inset). The majority of the fluorescent particles appeared to
have ventured toward inner regions of the cell after 2 hr of incu-
bation (Figure S1).

A major hurdle for imaging small particles, such as HIV-1, in
cells by cryoEM is the limited field of view (~2 pm x 2 pm);
HIV-1 particles are not abundant and are localized only to
some regions of the cell. Thus, identifying a small region of
interest in a ~50-100 um wide cell represents a significant
spatial challenge. We therefore used fluorescence light micros-
copy to localize the viral particles and guide cryoEM imaging
for direct visualization of Hela cell-associated HIV-1. After
recording fluorescence images, we immediately preserved the
EM grid in vitreous ice by plunge-freezing in liquid ethane (Dubo-
chet et al., 1988). With an EM finder grid, the same grid square
and cell that were imaged by fluorescence light microscopy
were readily identified with cryoEM at a low magnification
(Figures 2A, 2B, and 2D, red squares). Generally, individual fluo-
rescent particles were localized with a precision better than 1 ym
(Figures 1F and 1G), which is within the field of view for cryoEM
imaging. After identification of GFP signals located in the thin
peripheral area of cells and also in the vitreous ice-covered holes
in the grid (Figures 2C and 2D, boxed areas), cryoEM analysis
was carried out first by recording a low-dose projection image
at a medium magnification (3500 %) (Figure 2E). This step facili-
tated the precise localization of an identified region in the EM
field for recording a high-magnification image (50,000x) (Fig-
ure 2F). The total electron dose applied to the low- and
medium-magnification survey images was <1% of the dose
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Figure 1. Construction and Characterization of the Cryofluorescence Light Microscopy Stage

(A) An overview of the cryostage (red box) mounted on an Olympus IX71 fluorescence light microscope. The three labeled tubes are for liquid nitrogen input (1),
liquid nitrogen overflow protection (2), and dry nitrogen gas flow to the objective lens (3).

(B) AutoCAD drawings of the cryostage as viewed from the top and side. Dimensions are marked in inches.

(C) A 3D drawing of the cryostage sample chamber. The cartridge containing the electron microscopy grid is placed in the inner chamber (arrow).

(D) An enlarged photo of the inner chamber with an actual specimen cartridge (arrowhead).

(E) Cooling profile of the cryostage measured on the specimen cartridge. The arrows indicate the times when filling of liquid nitrogen from a pressurized tank
occurred. The cartridge reaches —171°C within 4 min and stabilizes at —187°C within 6 min.

(F and G) Fluorescence images of GFP-tagged HIV-1 particles (F) and quantum dots (G) (acquisition time 10 s). Scale bar, 10 um. Inserts depict the average of
normalized intensity profiles of 10 particles. Error bars correspond to the standard deviation of the mean.

used in the final recording (20 e*/Az). The HIV-1 particle, shown lope (black arrow), suggesting that the particle likely had entered
in Figure 2F, was found in a structure resembling a multivesicular  the cell via endocytosis and had not undergone membrane
body and displayed a clear conical capsid enclosed by an enve-  fusion with the endosome, consistent with previous results
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Figure 2. Cryo-Electron Microscopy (cry-
oEM) Imaging of Single HIV-1 Particles
within a HelLa Cell by Correlative Micros-
copy

(A) An overview differential interference contrast
(DIC) image (10x) of HelLa cells cultured on an
index gold electron microscopy grid and infected
with HIV-1 particles pseudotyped with the enve-
lope glycoprotein of vesicular stomatitis virus and
containing GFP-Vpr.

(B and C) DIC images of a selected area (red box in
A) recorded with a 10x (B) or 60x (C) objective
lens. Inset in C shows the raw GFP signals that
were pseudocolored in red and overlaid on the DIC
image in (C).

(D-F) Low-dose cryoEM images of the corre-
sponding region in the DIC image (white box in [C])
containing a single GFP-labeled virus particle at
nominal magnifications of 170x (D), 3500% (E),
and 50,000 (F). The boxed region corresponds to
the image frame in the adjacent panel. In (F), an

obtained using VSV-G pseudotyped HIV-1 virions (McDonald
et al., 2002; Arhel et al., 2006; Miyauchi et al., 2009). The multi-
vesicular body-like compartment contained many other vesicles
of varying sizes.

Correlating HIV-1 Dynamics to Cellular Structures

To characterize the dynamic behavior of HIV-1 particles during
the early stages of infection, HelLa cells infected with HIV-1
were imaged by high-speed confocal live-cell microscopy
during the first 40 min after addition of viruses and prior to
plunge-freezing. Time-lapse confocal images were collected
at 1-2 min intervals from GFP-positive locations, identified prior
to data acquisition. HIV-1 particle movements were analyzed by
automated 3D particle tracking over time (Figures S2 and S3).
Some viral particles moved rapidly in the cell from the cell

HIV-1 particle with a conical core (arrow) is clearly
visible inside a multivesicular body. Scale bars:
50 um in (A)-(D), 2 um in (E), and 0.1 um in (F).
See also Movie S1 and Figure S1.

periphery toward the perinuclear area
in curvilinear paths (Figures S2, white
trace, and S3A, blue trace), presumably
through  microtubule-based  motors
(McDonald et al., 2002; Arhel et al.,
2006). At the same time, other particles
remained stationary, typically appearing
to move only 1-2 pum over the same
time period (Figure S3A, red trace). We
initially focused our cryoEM analysis on
the stationary particles located near the
cell periphery where the specimen was
thin enough for transmission electron
microscopy imaging. Since there was
littte movement of these particles, the
confocal fluorescence image from the
last time point could be directly used
to guide cryoEM imaging. The HIV-1
particle (Figure S3A, red trace) that showed little movement
stayed near a cellular protrusion for about 30 min before
plunge-freezing. CryoEM projection images of the correlated
region were first obtained at low and medium magnification
(Figures S3B and S3C, respectively) to locate the area of
interest. The subsequent high-magnification image (Figure S3D)
showed that an intact HIV-1 particle was associated with a thin
cellular protrusion that was suspended in a vitreous ice-covered
hole. These and later (Figure 3) data suggest that such
stationary HIV-1 particles likely remain bound to the plasma
membrane and have not undergone membrane fusion or inter-
nalization into the cell. As displayed in the enlarged view of
the particle in Figure S3E, the viral membrane and its enclosed
viral core were clearly visible, with an oblique view of the viral
capsid.

1576 Structure 19, 1573-1581, November 9, 2011 ©2011 Elsevier Ltd All rights reserved



Structure
Correlative Microscopy of HIV-1 Infection

3D Structural Analysis of Dynamically Tracked HIV-1
Particles by Cryo-Electron Tomography

To directly link the 3D structures to the dynamics of viral parti-
cles, the movement of HIV-1 particles was followed by live-cell
imaging for about 40 min immediately after addition of viruses
(Figure 3A, red trace). Target particles selected for 3D analysis
were located by correlation between the last fluorescence image
of the live-cell series (Figure 3B, circled particle), the cryofluores-
cence image after plunge-freezing, obtained using our homebuilt
cryostage (Figure 3C, circled particle), and the cryoEM image
taken at a low magnification (Figure 3D). At the chosen site,
a tilted projection series, from —70° to 70°, was recorded for
reconstruction of a 3D tomogram (Figures 3E and 3F). The result-
ing 3D structure revealed an HIV-1 particle that had a clear
conical core and was attached to the bottom surface of a
HelLa cell (see Movie S2). Filamentous structures above the viral
particle were visible in the tomographic slices of the HelLa cell
(Figures 3E and 3G, black arrowheads), indicating that actin
and other intracellular components might be involved in internal-
ization of HIV-1 virions, as suggested previously (McDonald
et al.,, 2002; Pontow et al., 2004; Miyauchi et al., 2009). The
measured diameters of the particle were ~120 nm in the xy-
plane and ~110 nm in the z direction, consistent with previous
analyses of isolated virions (Briggs et al., 2003). Structural
features, such as the viral membrane and the lattice of capsid
protein in the core, were seen in the tomogram (Figures 3H-
3J). In addition, HIV-1 VSV-G envelope molecules were seen
nonrandomly clustered at particular regions of the viral
membrane (Figure 3J, black arrow).

Figure 3. 3D Cryo-Tomographic Analysis of
a Single Wild-Type HIV-1 Particle Bound to
a Hela Cell

(A) 3D tracking (red trace) of an HIV-1 particle over
a period of 28 min, superimposed on the fluores-
cence image of Hela cells from a confocal series
taken at the last time point.

(B) A single z slice from the confocal series at the
last time point overlaid with the HIV-1 GFP signals.
(C) Cryofluorescence image of the identical region
displayed in (B) superimposed on a cryo-differen-
tial interference contrast image recorded after
plunge-freezing.

(D-F) A low-dose cryo-electron microscopy image
at 3500x (D) from the correlated region (circled in
C), and tomographic slices (E and F) from the
boxed area in (D). The upper slice (E) is near the
bottom of the Hela cell, whereas the lower slice
(F), containing a virus particle, is located directly
underneath the cell surface.

(G-J) Four 4 nm thick tomographic slices taken at
the indicated relative z height from the tomogram.
In (E) and (G), arrowheads point to intracellular
filamentous structures; in (E) and (F), white arrows
point to the HIV-1 particle; and in (J), the arrow
indicates the viral envelope proteins. Scale bars:
10 um in (A)—(C), 1 umin (D), and 0.1 um in (E)~(G).
See also Movie S2 and Figures S2 and S3.

The VSV-G pseudotyped HIV-1 virions are thought to enter
host cells via the endocytotic pathway (Aiken, 1997; Miyauchi
etal., 2009). Membrane fusion at the endosome releases the viral
cores into the cytoplasm and leads to other early infection
events. We found that many intracellular HIV-1 particles, identi-
fied by four-dimensional tracking with confocal live-cell imaging,
remained in vesicular compartments similar to the one shown
in Figure 2F. Among the 65 Hela cell-associated fluorescent
particles analyzed by cryoEM, 24 were single, intact virions,
either bound to the cell surface or within vesicular compart-
ments. The rest showed no distinct features for HIV-1 particles:
neither membrane enveloped virions nor conical/rod-shaped
cores. Further 3D tomographic analyses of an additional 18 fluo-
rescent particles identified 8 particles bound to the cell surface, 1
in a vesicle, and 9 without any distinctive viral particle structure.
Again, no conical cores were observed in cells from these 3D
correlated tomograms recorded after 40 min of incubation with
viruses. In fact, no intact wild-type HIV-1 core was observed
in our cryoEM analysis, indicating that the HIV-1 capsid may
disassemble quickly after membrane fusion.

HIV-1 Capsid Mutation E45A Delays Capsid Disassembly
in HeLa Cells

Since we did not find intact wild-type HIV-1 cores in tomograms
containing intracellular GFP signals, we decided to look at a
previously characterized mutant with the E45A amino acid
substitution in the capsid, a substitution that presumably yields
more-stable cores compared to the wild-type (Forshey et al.,
2002; Ganser-Pornillos et al., 2004). Using our correlative
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Figure 4. Direct Visualization of HIV-1 E45A
Cores in HelLa Cells

(A) 3D tracking (yellow trace) of an HIV-1 E45A
particle, overlaid on the last fluorescence image of
Hela cells in the time-lapse confocal series.

(B) A low-dose cryo-electron microscopy image of
the correlated region taken at low magnification
(8500x). The * indicates the location of the fluo-
rescent particle.

(C) A 4 nm thick tomographic slice from the 3D
tomogram of the correlated region of the HeLa cell.
The arrow points to an HIV-1 viral core. A, actin
filaments; MT, microtubule; V, vesicle; M, mito-
chondria; P, protein complexes. Inset, an enlarged
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view of the HIV-1 core structure.

(D) Quantitative analysis of the occurrence of
HIV-1 virions and cores in cellular tomograms of
infected Hela cells. Scale bars: 10 um in (A) and
(B), 0.1 um in (C). See also Figure S4.

method, we tracked and analyzed E45A virions in a manner
similar to that used for the wild-type capsid virus. The optical
behavior of E45A particles was similar to that of wild-type parti-
cles to some degree, displaying both stationary and directed
movement toward the nucleus. Yet, conical cores, similar to
the ones observed in isolated virions (Briggs et al., 2006), were
clearly visible in several tomograms recorded from the areas
containing intracellular GFP signals (Figure 4C, inset; Figure S4).
In Figure 4A, live-cell imaging showed that the particle is, in fact,
in the process of moving toward the nucleus. We observed intact
cores in a 3D network of closely apposed membranous organ-
elles, actin filaments, microtubules, and many protein com-
plexes. The cores often appear associated with vesicles and
actin filaments and in close proximity to microtubules (Figure 4C;
Figure S4), suggesting that the intracellular trafficking network
might be involved in directed core transport. Although the scan-
ning electron microscopy image of intracellular HIV-1 capsid
protein (CA) shells has been shown in fixed and dehydrated cells
(Arhel et al., 2007), this is the first direct visualization of HIV-1
cores inside of a host cell in near-native conditions at high
resolution.

Quantitative comparison of wild-type and E45A CA mutant
HIV-1 infected cells indicates a striking difference between the
particles (Figure 4D). Of the fluorescent wild-type capsid parti-
cles analyzed by cryoET (n = 18), 50% were enveloped virions.
However, no individual intact viral core was found after careful
examination of all tomograms. In contrast, of the fluorescent
E45A HIV-1 particles examined (n = 22), 23% were enveloped,
intact virions and 27 % were cytoplasmic, conical cores. Microtu-
bules were observed in 80% of the tomograms containing cyto-
plasmic HIV-1 cores, while actin filaments were always found
next to the cores. Microtubules were also observed in half of

WT E45A

E45A
f_‘%
the E45A HIV-1 tomograms containing
GFP signals but no recognizable conical
l HIV-1 cores.
DISCUSSION
cores MT

We used an advanced correlative ap-

proach to link time-lapse live-cell 3D fluo-
rescence microscopy to cryoET, allowing direct visualization
of early stages of HIV-1 infection. We observed stationary
HIV-1 particles (~100 nm in diameter) attached to the plasma
membrane at cellular protrusions or internalized in vesicular
compartments, whereas moving particles appeared to be
released into the cytoplasm after membrane fusion and en route
to the nucleus. Cellular filaments were always found at the site
where intact enveloped HIV-1 particles bind, prior to internaliza-
tion. These findings confirm the results obtained from previous
live-cell fluorescence imaging studies (McDonald et al., 2002;
Arhel et al., 2006; Miyauchi et al., 2009) and extend the analysis
to high-resolution 3D ultrastructure details. Our data further
suggest that upon membrane fusion, the wild-type HIV-1 cores
break down rather quickly, within ~40 min. This agrees with
the half-life of ~23 min recently established by the Hope labora-
tory using an assay that measures the sensitivity of the wild-type
cores to TRIM-Cyp restriction (Hulme et al., 2011). However, it is
possible that the structure of the capsid is perturbed quickly but
that complete uncoating (i.e., the complete shedding of the
capsid) takes longer and occurs in multiple stages (Arhel et al.,
2007, 2010; Hulme et al., 2011). A recent study reported that
the half-life of escape of HIV-1 from the capsid inhibitor PF74
is approximately 4 hr, suggesting that uncoating could be slower
(Blair et al., 2010). Additionally, our results support the conclu-
sion that the capsid E45A mutation confers increased core
stability (Forshey et al., 2002), as these particles undergo de-
layed capsid disassembly in target cells compared with wild-
type HIV-1 under the same conditions.

In that our method examines particle dynamics within cells
prior to correlative microscopy, the method represents an impor-
tant advance over previous efforts aimed at developing tech-
niques to correlate cryo-light microscopy and cryoEM (Sartori
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etal., 2007; Schwartz et al., 2007; Berriman et al., 2009; van Driel
et al., 2009; Rigort et al., 2010). With high-speed confocal live-
cell light microscopy followed by cryofluorescence microscopy
and cryoET, we are able to connect dynamic behavior of virus
particles in time and space, in live cells, with the ultrastructure
information acquired in the frozen-hydrated state, thus, allowing
insights into the temporal and spatial relationship between
viruses and host cells. Previous studies in this area did not incor-
porate a means to measure particle dynamics. Another advan-
tage of our method is the simple cryostage with an integrated
specimen holder, allowing sequential cryo-light microscopy
and cryoEM on a single specimen holder without sample trans-
fer, thus eliminating potential specimen damage during transfer.
Although a Polara sample cartridge was incorporated in our
design, other cryoET specimen carriages, including the Titan
Krios AutoGrid sample holder, can be easily adapted. A limitation
of our correlative approach, when applied to study virus infec-
tion, is the restricted accessibility of the cells in cryoET, due to
their intrinsic thickness. The areas in the cell that can be investi-
gated must be <0.5 um thick. Even with cells spread out between
mitosis phases, the accessible areas are still limited to the
peripheral regions of the cells. Thus, only very early infection
events are available for cryoET analysis using this method. To
investigate viral particles in thicker areas, for instance near the
nucleus, application of additional techniques, such as cryo-
focused ion beam milling (Marko et al., 2007) or vitreous
sectioning (Zhang et al., 2004), may be useful to reduce sample
thickness, thus increasing the utility of the method described
here.

Our results illustrate the potential of correlative microscopy
for advancing the study of virus particle interactions with the
host cell. Further labeling of cellular factors with a fusion tag
that is visible to EM, such as tetracysteine-ReAsh (Gaietta
et al., 2002), metallothionein (Mercogliano and DeRosier,
2007), or the recently reported ferritin-fusion tag (Wang et al.,
2011), may facilitate the identification of specific stages of the
HIV-1 life cycle that are uniquely associated with host proteins
and the spatial relationship of these host factors with viral parti-
cles. This work represents our first step toward detailed 3D
structural analysis of early stages of HIV-1 infection. We antici-
pate that the correlative method established here will not only
constitute a useful tool for studying dynamic virus-host cell inter-
play at various stages during infection but also open new ways
to investigate cell signaling events and many other cellular
processes in general.

EXPERIMENTAL PROCEDURES

Production of VSV-G Pseudotyped HIV-1 Particles Containing
GFP-Vpr

Wild-type and E45A HIV-1 particles were produced by transfecting 293T cells
with three plasmids: pL-VSV-G (a kind gift from M. Emerman [Bartz and
Vodicka, 1997]), peGFPC3-Vpr (a kind gift from T. Hope [McDonald et al.,
2002]), and a proviral plasmid, pNLdVdE-luc, encoding HIV-1y_4-3 with dele-
tions in vpr and env and with the luciferase gene in place of nef. Transfections
were performed in 293T cells with Lipofectamine 2000 (Invitrogen, Carlsbad,
CA) in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal
bovine serum (Atlanta Biologicals, Lawrenceville, GA). Particle infectivity was
determined on GHOST-R3/X4/R5 cells, and capsid levels were measured by
p24 enzyme-linked immunosorbent assay (Zeptometrix, Buffalo, NY).

Cell Culture and HIV-1 Infection

Hela cells were cultured at 37°C with 5% CO, in DMEM with 4.5 g/ L-gluta-
mine and glucose (Lonza Group Ltd., Basel, Switzerland) containing 10%
heat-inactivated fetal calf serum, 100 units/ml penicillin, and 100 pg/ml strep-
tomycin (Invitrogen Corporation, Carlsbad, CA). Cultures at ~80% confluence
were routinely split 1:5 in 60 mm culture dishes. Cells were centrifuged at
1000xg and plated onto the gold R2/2 Quantifoil finder EM grids (Quantifoil
Micro Tools GmbH, Jena, Germany) at a density of 2 x 10* cells/ml (total
2 ml culture) in glass-bottom culture dishes (MatTek Corporation, Ashland,
MA). The gold EM grids were disinfected under UV light for 2 hr and coated
with 50 png/ml fibronectin (Sigma, St. Louis, MO) before use. Hela cell cultures
were monitored in real time in situ with a VivaView FL Incubator Fluorescence
Microscope (Olympus America, Inc., Center Valley, PA), to monitor cell divi-
sion. Specifically, HeLa cells were cultured on carbon-coated EM finder grids
(Figure 2A) and followed for a period of 20 hr by automatically collecting differ-
ential interference contrast images every 10 min, at multiple positions (Movie
S1). The cells appeared to have an 18 hr division cycle when grown on EM
grids and undergo a shape change when they divide, becoming spherical
during mitosis and spreading thin afterwards (Movie S1). Since cryoEM
requires relatively thin specimens, the optimal time window for cryoEM
imaging is therefore at the midpoint between two mitosis phases, approxi-
mately 18 hr after plating, when the cells have been through one division
and are mostly spread.

Cells were infected in culture medium with 20 pl of VSV-G pseudotyped
HIV-1 containing GFP-Vpr (40 ng p24). For initial correlative analysis of viral
particles, viruses were first incubated with cell culture for 20 min at room
temperature to allow attachment. Cells were then washed with prewarmed
fresh DMEM to remove unbound virus and further incubated for 2 hr before
imaging. The fluorescence images (Figure 2; Figure S1) were acquired with
adigital CCD camera and Olympus MetaMorph digital imaging software, using
a 60x/1.35 NA oil immersion objective lens.

Live-Cell Imaging

Time-lapse confocal live-cell imaging was performed immediately after addi-
tion of viruses and identification of cells associated with GFP signals, by using
a Tokai Hit (Tokyo, Japan) live-cell chamber at 37°C in a Nikon TiE microscope
equipped with a Prairie Technologies sweptfield confocal microscope. Glass-
bottom dishes containing Hela cells cultured on EM grids were placed onto
the microscope stage, and high-speed 3D images were acquired using a
Photometrics Evolve camera, NIS-Elements software (Nikon Instruments,
Melville, NY), and a 60x/1.35 NA oil immersion objective lens. Time-lapse
confocal image stacks were collected for 40 min after addition of GFP-labeled
HIV-1 virions. Image stacks were collected every 1 to 2 min and streamed to
a large disk array. Data were analyzed using MetaMorph (Molecular Devices,
Sunnyvale, CA) or Imaris (Bitplane, Zurich, Switzerland) software, and particles
were tracked in two and three dimensions to measure the dynamics.

Cryofluorescence Light Microscopy

Immediately after fluorescence confocal live-cell imaging, 4 pl of 15 nm gold
beads were applied to the EM grids to serve as fiducial markers for tomo-
graphic alignment. The grids were blotted with filter paper and plunged into
liquid ethane for rapid vitrification using an FEI Vitrobot (FEI, Hillsboro, OR).
Frozen-hydrated samples were placed in specimen cartridges and loaded
into a homebuilt cryofluorescence sample stage, which was mounted on an
Olympus IX71 microscope and cooled with liquid nitrogen to maintain the
specimen temperature below —177°C. A dry nitrogen gas flow was fed to
the objective lens during imaging to avoid frost build up. The images were
acquired by using an Olympus LUCPlanFLN 40x/0.6 NA with a 2.7-4 mm
working distance objective lens. The cryofluorescence light images were
correlated with both fluorescence light images from live cells and cryoEM
projection images at low and medium magnifications, facilitating a good grasp
of the position of viruses for cryoET.

Cryo-Electron Microscopy and Cryo-Electron Tomography

Frozen EM grids were stored in liquid nitrogen before they were examined by
cryoEM. The regions containing HIV-1 were first manually identified in EM
projection images, taken at a low magnification (170x), by correlating with
room temperature or cryofluorescence light microscope images. Low-dose
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(20 e~ /A?) projection images of the identified regions of interest were recorded
using a Tecnai F20 transmission electron microscope equipped with a field
emission gun (FEI, Hillsboro, OR) and a Gatan 4K x 4K CCD camera (Gatan,
Inc., Warrendale, PA) at a magnification of 50,000x and under-focus values
ranging from 2 to 5 um. For 3D cryoET, frozen-hydrated EM grids were placed
in cartridges and loaded into the cryotransfer system of a Polara G3 micro-
scope (FEI). The Polara microscope was equipped with a field emission gun
operating at 200 kV and a Gatan GIF2000 energy filter. A series of low-dose
projection images of the region of HelLa cells containing HIV-1 signals were
recorded at a tilt angle range from —70° to 70° at a nominal magnification of
27,500 with under-focus values between 5 and 8 um and a 20 eV energy filter
slit. The total dose used for each tilt series was typically ~60-70 e /A2, Tilt
series were aligned using 15 nm gold bead fiducial markers and were refined
to standard deviations below 0.8. A weighted back-projection algorithm, as
implemented in the IMOD reconstruction package (Kremer et al., 1996), was
used to convert the information present in the series of tilted projection images
into 3D density maps (tomograms). The 3D tomographic volumes were visual-
ized in the environment of the program Amira (TGS Inc., San Diego, CA).

Tomograms were analyzed for HIV-1 virions, capsids, microtubules, and
vesicular compartments. The numbers of observed virions, cores, and micro-
tubules in tomograms were recorded. Potential areas of interest were
denoised using a 3D nonlinear anisotropic diffusion edge enhancing program
implemented in IMOD with 15 iterations and a k of 6.4, allowing clearer
visualization.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two movies and four figures and can be
found with this article online at doi:10.1016/j.str.2011.09.006.
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