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Summary

Numerous methods have been developed for immunogold labeling of thick, cryo-preserved biological specimens.
However, most of the methods are permutations of chemical fixation and sample sectioning, which select and isolate
the immunolabeled region of interest. We describe a method for combining immunogold labeling with cryo-electron
microscopy (cryo-EM) and cryo-electron tomography (cryo-ET) of the surface proteins of intact mammalian cells or the
surface glycoproteins of assembling and budding viruses in the context of virus-infected mammalian cells cultured on EM
grids. In this method, the cells were maintained in culture media at physiologically relevant temperatures while sequentially
incubated with the primary and secondary antibodies. Subsequently, the immunogold-labeled specimens were vitrified
and observed under cryo-conditions in the transmission electron microscope. Cryo-EM and cryo-ET examination of the
immunogold-labeled cells revealed the association of immunogold particles with the target antigens. Additionally, the
cellular structure was unaltered by pre-immunolabeling chemical fixation and retained well-preserved plasma membranes,
cytoskeletal elements, and macromolecular complexes. We think this technique will be of interest to cell biologists for
cryo-EM and conventional studies of native cells and pathogen-infected cells. (] Histochem Cytochem 63:780-792, 2015)

Keywords
cryo-electron microscopy (cryo-EM), cryo-electron tomography (cryo-ET), immuno-electron microscopy (immuno-EM),
transmission electron microscopy (TEM)

viruses, macromolecules, and small cells (Adrian et al.
1984; Frank et al. 1986; McDowall et al. 1986; Milne and
Subramaniam 2009). Later, as microscopes became more

Introduction

Cryo-electron microscopy (cryo-EM) technologies and
techniques were established in order to retain specimen
hydration during direct-image and diffraction data acquisi-
tion with the transmission electron microscope (TEM)

(Taylor and Glaeser 1974). Much of the early work in the
late 1970s and early 1980s focused on improving cryo-
fixation approaches (Dubochet et al. 1988; Lepault et al.
1983), cryo-holders for specimen introduction into the
TEM (Heide and Grund 1974; Jeng and Chiu 1987; Taylor
et al. 1984), and low-dose data acquisition schemes for
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automated and intermediate voltage microscopes were
more accessible, cryo-electron tomography (cryo-ET)
emerged as the leading approach for determining the three-
dimensional (3D) structures of pleomorphic objects, such
as asymmetric viruses and bacteria (Dierksen et al. 1995;
Guerrero-Ferreira and Wright 2013; Koning and Koster
2009; Koster et al. 1992; Subramaniam et al. 2007).
Cryo-EM imaging, combined with single particle analysis
and cryo-ET united with sub-volume averaging, is a major
branch of the structural biology continuum, and over the
past forty years have matured to the level where many bio-
logical structures are now determined at sub-nanometer to
atomic-level resolutions (Briggs 2013; Campbell et al.
2015; Jiang et al. 2015; Schur et al. 2015).

Of great interest to those who employ cryo-EM methods
to investigate cellular ultrastructure and the localization
patterns of complexes within and surrounding cells, as is
the development and application of target-specific labeling
strategies (Lucic et al. 2013). Already, the feasibility of
antibody labeling for purified macromolecules, viruses, and
isolated organelles has been demonstrated (Beck et al.
2007; Roos et al. 1996). These studies have enabled inves-
tigators to determine the 3D structures of low molecular
weight proteins by single particle cryo-EM (Wu et al. 2012),
where proteins localize on specific regions of a virus (Roos
et al. 1996), and the structural rearrangements that occur
when a neutralizing antibody binds with the target antigen
(Bartesaghi et al. 2013; Dutta et al. 2014; Harris et al. 2013;
Lin et al. 2013; Tran et al. 2012). However, similar proce-
dures have not been widely applied to studies of whole,
intact mammalian cells because of the concerns associated
with retaining cell viability during immunolabeling; the
thicknesses of cells and the impact this has on cryo-preser-
vation and cryo-EM imaging; and early reports of antibody-
induced membrane protein ‘capping’ on live cells (Ash et
al. 1977; Ferrante and Thong 1979). Therefore, techniques
were developed that combined the benefits of initial cryo-
preservation of cells by high-pressure freezing with chemi-
cal fixation through freeze substitution, embedding in
hydrophilic resins, sectioning, and immunolabeling.
Although these more traditional approaches have been used
for countless immunolocalization studies for conventional
electron microscopy (McDonald 1999; Sawaguchi et al.
2004), there are a number of intrinsic issues associated with
methods that include chemical fixation (Schnell et al. 2012).
Most notably, fixation is required to prevent specimen deg-
radation during subsequent steps of the procedure. However,
fixation, dehydration, and embedding not only alter the
antigen conformation, and thus hinder antibody binding,
but also severely obscure or even remove ultrastructural
detail. In addition, residual aldehydes from the fixative can
potentially cross-link immuno-reagents to the cell or tissue
and therefore lead to potential negative background immu-
nolabeling. These additive negative effects limit the ability

to resolve localization patterns at the molecular level via
both conventional immuno-EM and hybrid cryo-immuno
EM approaches.

In this study, we describe the procedures used for the
immunogold labeling of live mammalian cells cultured on
carbon-coated gold EM-support grids. Here, we performed
native-state immunogold labeling of a cell-derived protein
and of a viral glycoprotein. The first target protein labeled
was tetherin (BST-2), a cellular restriction factor that inhibits
the release of enveloped viruses from the plasma membrane
of infected cells (Neil et al. 2008; Van Damme et al. 2008).
We demonstrated site-specific labeling of tetherin and teth-
erin microdomains during the restriction of HIV-1 virus and
virus-like particle (VLP) release from the plasma membrane
of HT1080 cells. The second protein labeled was the fusion
(F) glycoprotein of human respiratory syncytial virus (hRSV)
in the context of an active infection of HEp-2 and HeLa cells.
In this case, the hRSV F glycoprotein was labeled with a
monoclonal antibody, palivizumab (IMpact-RSV Study
Group 1998; Johnson et al. 1997), at sites of virus assembly,
on assembling and budding virus particles, and on released
virus particles. We also describe some of the challenges asso-
ciated with the immunolabeling method and provide detailed
approaches for optimum labeling and specimen preservation
for both cryo-EM and conventional EM applications.

Materials & Methods

Antibodies and Reagents

Rabbit anti-tetherin antisera (Hammonds et al. 2010) was
provided by Dr. Paul W. Spearman (Department of
Pediatrics, Emory University, Atlanta, GA). Dr. Philip J.
Santangelo (Department of Biomedical Engineering,
Georgia Institute of Technology and Emory University,
Atlanta, GA) supplied the palivizumab, a humanized mono-
clonal antibody that targets the antigenic site II of the hRSV
fusion (F) glycoprotein (IMpact-RSV Study Group 1998;
Johnson et al. 1997). Medlmmune, LLC, commercially
manufactures palivizumab under the brand name Synagis
for the prevention of hRSV infections in high-risk infants.
The secondary antibodies, which included the 6-nm gold-
conjugated goat anti-human IgG, F(ab’)2 fragment of goat
anti-rabbit IgG, and protein G, were purchased from
Electron Microscopy Sciences (Hatfield, PA).

Cell culture, Transfection, and Immunolabeling
for Tetherin

HT1080 cells, obtained from the American Type Culture
Collection (Manassas, VA), were maintained in high-
glucose pyruvate DMEM (GIBCO; Grand Island, NY) sup-
plemented with 10% fetal bovine serum (FBS), 5 mM
penicillin-streptomycin, and 5 mM r-Glutamate. Cells were
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grown in an incubator at 37°C with 5% CO,. HT1080 cells
(20,000-30,000) for tetherin immunogold labeling were
seeded on pre-sterilized, 0.2% collagen coated Aclar disks
or gold R2/1 Quantifoil TEM grids (Quantifoil, Germany)
24 hr before transfection.

HT1080 cells were co-transfected with either mCherry
Gag (1:3 ratio codon optimized Gag) or with an HIV-1
Vpu- and Env-deficient provirus cDNA (Khan et al. 2001)
(kindly provided by Klaus Strebel, NIAID, Bethesda,
MA) and eGFP-tetherin, using jetPRIME (Polyplus-
Transfection Inc.; New York, NY), according to the manu-
facturer’s instructions.

Immunogold labeling of tetherin on HIV-1 transfected
HT1080 cells was carried out 16 hr post-transfection.
Transfected cells on Aclar disks or gold Quantifoil TEM
grids were maintained in growth medium in a 37°C incubator
before immunogold labeling. Rabbit anti-tetherin antiserum
(Hammonds et al. 2010) was added directly into the medium
at a 1:200 dilution of the original stock solution (endpoint
titer of 1x10%ml). Primary antibody incubation proceeded
for 1.5 hr at 37°C, during which time the dishes were gently
shaken periodically to facilitate antibody binding. After pri-
mary antibody incubation, cells were gently washed with
medium four times for 30 sec each. The secondary antibod-
ies, either the 6-nm gold-conjugated F(ab”)2 fragment of goat
anti-rabbit IgG or protein G, were then added to the medium
directly at a 1:20 dilution of the original stock solutions (10—
20 pg/ml) and allowed to incubate for 1.5 hr at 37°C. The
cells were washed after secondary antibody incubation as
described above. Cells cultured on the Aclar disks were
washed twice with phosphate-buffered saline (PBS) and then
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) for conventional electron microscopy examination.
Cells grown on the gold Quantifoil TEM grids were plunge-
frozen immediately after the final wash with culture medium.

hRSV Purification

HEp-2 cells cultured in T75 flasks at 60% to 80% conflu-
ence were inoculated with RSV at a multiplicity of infection
(MOI) of 0.01 in 3 ml serum-free medium for 1 hr, after
which 12 ml of complete growth medium was added. The
infection continued for approximately four days (>80%
cytopathic effect, CPE), with 5 ml of complete media added
each day. The flasks were then frozen at -80°C before puri-
fication. After thawing in a 37°C water bath, the contents of
each flask were clarified at 1,902 x g for 7 min at 4°C. The
supernatant was centrifuged using a 20% sucrose cushion at
90,353 x g (SW41 Ti, Beckman) for 3 hr at 4°C. The virus-
containing pellet was resuspended in 100 pl Hanks Balanced
Salt Solution (HBSS) after a brief wash and stored at -80°C.
The final titer of the virus was ~2—5x10° plaque forming
units per ml (PFU/ml). The purified virus was then used to
infect the HeLLa or HEp-2 cells (Alonas et al. 2014).

Cell Culture, RSV Infection, and Immunolabeling
for hRSV F Glycoprotein

HeLa and HEp-2 cells (ATCC CCL-2 and CCL-23,
respectively) were maintained in DMEM growth medium
with 4.5 g/L p-glucose (Lonza), 4 mM L-glutamine
(BioWhittaker), 10% fetal bovine serum (Sigma-Aldrich),
and 1% penicillin-streptomycin (Sigma-Aldrich). Cells
were grown in an incubator at 37°C with 5% CO,. For
hRSV F glycoprotein immunogold labeling, 100,000—
150,000 HEp-2 cells or HeLa cells were seeded on pre-ster-
ilized, pre-incubated (with complete medium) Aclar disks
or gold R2/1 Quantifoil TEM grids in MatTek dishes
(MatTek Corp., MA) 4-8 hr prior to infection.

Cells for immunogold labeling were inoculated with an
MOI of 10 with hRSV in serum-free media. Complete
growth media was added after 1 hr. Infected cells were
incubated at 37°C for 24 hr. Palivizumab was then added
directly into the medium at 5 ug/ml and the cells were
allowed to incubate for 1.5 hr at 37°C, during which time
the culture plates and MatTek dishes were shaken gently
to facilitate antibody binding. After primary antibody
incubation, the cells were gently washed with complete
medium 4 times for 30 sec each time. The secondary anti-
bodies, 6-nm gold-conjugated goat anti-human IgG or
protein G, were then added to the medium directly at 1:20
dilution of the original stock solutions (10-20 pg/ml) and
allowed to incubate for 1.5 hr. Washes were repeated as
described above after secondary antibody incubation.
Cells on Aclar disks were washed twice with PBS and then
fixed with 2.5% glutaraldehyde in 0.1 M phosphate buffer
(pH 7.4) for conventional transmission electron micros-
copy examination. Cells on the gold Quantifoil TEM grids
were plunge-frozen immediately after the final wash with
culture medium.

Immunogold Labeling Controls

Primary Antibody Specificity Control. HT1080 cells transfected
with only HIV-1 Gag were incubated with anti-tetherin
antiserum and 6-nm gold particles conjugated with second-
ary antibodies, as described above. Following immunogold
labeling, cells were fixed for conventional electron micros-
copy examination. The HT1080 cell line does not constitu-
tively express tetherin (Neil et al. 2008); therefore, one
would not expect to see immunogold labeling in the absence
of exogenous tetherin.

Capping and Patching Control. To test whether capping and
patching occurred during the labeling process, we per-
formed immunogold labeling of tetherin on transfected,
chemically fixed HT1080 cells. The labeling was done fol-
lowing standard pre-embedding immunogold protocols
(Hammonds et al. 2012).
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Conventional TEM Sample Preparation and
Imaging

Fixed cells on Aclar disks were washed twice with 0.1 M
phosphate buffer (pH 7.4) after overnight fixation with
2.5% glutaraldehyde in the same buffer. Cells were then
post-fixed with 1% osmium tetroxide in 0.1 M phosphate
buffer (pH 7.4) for 1 hr. Following graded ethanol dehydra-
tion, cells were infiltrated, embedded, and then polymer-
ized in Eponate 12 resin (Ted Pella Inc., Redding, CA).

Ultrathin sections were cut using a Leica Ultracut S
ultramicrotome at a thickness of 70 nm. Sections were then
stained with 5% uranyl acetate and 2% lead citrate and
imaged on a Hitachi H-7500 transmission electron micro-
scope (TEM, Hitachi High-Technologies, Japan) equipped
with a SIA L12C 16-megapixel CCD camera (SIA, Duluth,
GA) or a JEOL JEM-1400 TEM (JEOL Ltd., Japan)
equipped with a Gatan US1000 2kx2k CCD camera (Gatan,
Pleasanton, CA).

Cryo-TEM Sample Preparation, Imaging, and
Image Processing

Prior to sample vitrification, a 4-pl aliquot of 10- or 20-nm
gold nanoparticles (Sigma-Aldrich) was applied to the sur-
face of the TEM grid. These gold nanoparticles were used
for image alignment in the 3D tomographic reconstruction
process (Kremer et al. 1996; Mastronarde 1997). Cells cul-
tured on the gold Quantifoil TEM grids were vitrified by
rapid immersion in liquid ethane using a Gatan CryoPlunger3
(Cp3) apparatus. Cryo-grids were transferred to a Gatan
914 high-tilt holder maintained at -178°C. Cryo-specimens
were imaged with JEOL JEM-2200FS 200-kV field emis-
sion gun transmission electron microscope equipped with
an in-column Omega energy filter (slit width 20 eV) and a
Gatan US4000 4kx4k CCD camera. Polygon montages and
tilt series were acquired using SerialEM software
(Mastronarde 2005). A single-axis tilt series was collected
over an angular range of -62° to 62°, with a 2° tilt incre-
ment. The total electron dose applied to the specimens did
not exceed 120—150 ¢/A% Tilt series images were acquired
at 30,000% nominal magnification (calibrated pixel size of
0.737 or 0.764 nm) with -4 to -8-um defocus applied.
Tomographic reconstructions were generated with IMOD
using the r-weighted back-projection algorithm (Kremer
et al. 1996; Mastronarde 1997).

Results and Discussion

The rationale for this study was to develop a strategy for the
improved identification of the 3D localization patterns of
membrane-bound proteins associated with enveloped virus-
infected cells while retaining structural information at a
macromolecular resolution (2-10 nm). First, we examined

tetherin placement at sites of HIV-1 VLP and HIV-1 virus
assembly and release using HT 1080 cells. Second, we stud-
ied hRSV F glycoprotein location and order using hRSV-
infected HEp-2 and HeLa cells. In order to achieve our
aims, we used a native immunolabeling process followed
by rapid sample vitrification methods or chemical fixation
and conventional TEM specimen processing that allowed
for the proteins, viral particles, and cells to remain whole
and well preserved.

In the protocol, each protein-specific primary antibody
was applied to the cultured cells and allowed to incubate for
1.5 hr while the cells were maintained at 37°C with 5%
CO,. The specimens were gently washed and then incu-
bated with a 6-nm gold-conjugated secondary antibody for
1.5 hr at 37°C with 5% CO,. As with the studies of vaccinia
virus assembly by Roos et al. (1996), it was necessary to use
gold-conjugated secondary antibodies as an electron-dense
marker in order to resolve the locations of the primary anti-
bodies and target proteins along the cell and viral surfaces.

Targeted Labeling of Cellular and Viral Proteins

We sought to determine whether a native-immunolabeling
approach would be specific to the protein targets of interest.
We therefore examined the method as applied to the immu-
nolabeling of tetherin on HIV-1 and tetherin co-transfected
HT1080 cells. It has been well established that tetherin, an
interferon-induced protein, when expressed, functions to
inhibit the release of HIV-1 and other enveloped viruses
(Jouvenet et al. 2009; Le Tortorec and Neil 2009; Mansouri
et al. 2009; Radoshitzky et al. 2010; Sakuma et al. 2009). In
addition, multiple immunofluorescence microscopy studies
as well as conventional and immuno-TEM experiments
have shown that tetherin and budding HIV-1 VLPs and
HIV-1 viruses localize in specific domains along the plasma
membrane (Billcliff et al. 2013; Fitzpatrick et al. 2010;
Hammonds et al. 2012; Hammonds et al. 2010; Lehmann et
al. 2011). However, many of the previous imaging experi-
ments incorporated chemical fixation, which subsequently
may have altered or compromised the ultrastructure of the
cells and viruses, as well as the structure of the labeled tar-
get protein complexes. Cryo-EM imaging of the unfixed
tetherin immunolabeled HT1080 cells highlighted the pres-
ence of 6-nm gold clusters at HIV-1 VLP and HIV-1 virus
assembly and budding sites along the cellular plasma mem-
brane (Figs. 1, 2). A similar distribution profile of immuno-
labeled tetherin was present on HT1080 cells that were
native-immunolabeled and subsequently chemically fixed
and processed for conventional TEM (Fig. 3). The black
arrowheads in Figs. 1-3 and Supplementary Fig. 1A and 1B
indicate a subset of the 6-nm gold clusters in the image field
that are associated with immunolabeled tetherin. All of the
6-nm gold clusters are linked with tetherin on the cell
plasma membrane, between the cell plasma membrane and
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Figure |I. Cryo-electron tomography of immunolabeled-tetherin and HIV-I virus-like particles (VLPs) attached to an HT 1080

cell. (A) The central projection image from a tilt series of HIV-1 VLPs tethered to the edge of an HT 1080 cell. Image was low-pass
filtered using ImageJ (Gaussian blur, Schneider et al., 2012). (B-D) Slices (7.64 nm) near the bottom (B), through the middle (C), and
at the top (D) of the 3D reconstruction, showing a visible, ordered Gag lattice in the HIV-1 VLPs and immunogold-labeled tetherin
located on the plasma membrane (D) and on HIV-I VLPs (B-D), as indicated by black arrowheads. Cytoskeletal elements are visible,
as indicated by white arrowheads in a 3D tomographic slice (D). Insets in (B—D) (black boxes) are 2x magnification. White asterisks
indicate the immature HIV-I Gag lattice in insets for panels (B) and (C). Gold fiducial markers, 20 nm in diameter, were added to the
sample and used as image alignment aids during the 3D tomographic reconstruction process. Scale, 50 nm.

HIV-1 VLPs and virions, or between extended networks of
HIV-1 VLPs and virions.

Capping and patching was reported in late 1970s for
some membrane proteins when bivalent binding molecules,
such as immunoglobulin, were applied to the live cells (Ash
et al. 1977; Ferrante and Thong 1979). It was speculated
that the cross-linking effect of immunoglobulin caused the
proteins to redistribute within the plasma membrane and
form either multiple patches or a single cap. This rearrange-
ment of the proteins could potentially inhibit the determina-
tion of native membrane protein distribution patterns. We
therefore examined whether aggregates of antibodies noted

by unusual gold particle localization patterns, i.e., patches
or caps, were present on the cell surfaces of the native-
immunolabeled specimens, as compared with convention-
ally processed samples. If this phenomenon were present, it
would obscure the identification of tetherin-rich regions
along the plasma membrane and at sites of virus assembly
and budding. We determined that antibody-induced capping
and patching did not occur, because, in images of both the
native-immunolabeled and conventionally processed speci-
mens, the distribution of antibody immunolabeling was
equivalent (Supplementary Fig. 1A, 1B). We also assessed
the level of immunolabeling specificity; here, we did not
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Figure 2. Cryo-electron tomography (Cryo-ET) of immunolabeled tetherin and HIV-1 virions attached to an HT1080 cell
microspike. (A) Cryo-TEM 2D image montage of HIV-| tethered to a thin HT 1080 cell extension. The dashed white box highlights the
area of enlargement in (B). (C and D) Slices (8.84 nm) through the 3D reconstruction; black arrowheads indicate immunogold-labeled
tetherin located between HIV-| virions and the plasma membrane. Preserved cytoskeletal elements are visible in the 2D images and
the 3D tomographic slices, as indicated by white arrowheads. White asterisk was placed over typical mature HIV-1 conical cores in
panel (C) and the inset for panel (D). Insets in (B-D) (black boxes) are 2x magnification. Gold fiducial markers, 20-nm in diameter,
were added to the sample and used as image alignment aids during the 3D tomographic reconstruction process. Scale (A) 500 nm; (A)

and (B-D) 100 nm.

transfect the cells with tetherin but followed with the native-
immunolabeling procedure and standard processing steps.
The absence of tetherin in the cells resulted in the complete
loss of tetherin labeling (Supplementary Fig. 1C).

We then examined another distinct biological system to
validate the performance of the native-immunolabeling pro-
tocols. Here, we wished to resolve the presence and arrange-
ment of the hRSV F glycoprotein on virus particle assembly

and budding from HeLa and HEp-2 cells. HRSV presents
three surface glycoproteins: the fusion (F) and the attach-
ment (G) glycoproteins, and the small hydrophobic (SH)
protein, which is significantly smaller in size (McLellan
et al. 2013). The two major glycoproteins (F and G) work in
concert to establish and maintain an active infection in host
cells; explicitly, the epithelial cells of the lower respiratory
tract. HRSV is a major viral pathogen that causes acute
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Figure 3. Conventional transmission electron microscopy of native immunolabeled tetherin on HIV-1 VLPs and HIV-1 virions
attached to HT 1080 cells. (A and B) Low and high magnification images, respectively, of native immunolabeled tetherin on the plasma
membrane of an HT 1080 cell and HIV-1 VLPs. Black arrowheads point to immunogold labeling. (A and C) Actin filaments extend
through the cell, as indicated by white arrowheads. (C and D) Low and intermediate magnification images, respectively, of native
immunolabeled tetherin on the plasma membrane of an HT 1080 cell and HIV-1 virions. Black arrowheads point to immunogold
labeling. White asterisks are placed over the immature HIV-1 Gag lattice in the inset of panel (B). Black asterisks cover the mature
HIV-1 conical core in the inset of panel (D). Insets in (A-D) (black boxes) are 2% magnification. Scale (A, C) 500 nm; (B, D) 200 nm.

lower respiratory tract infections mainly in infants, young
children, and immunosuppressed adults (Nair et al. 2010).
To combat the virus, a series of neutralizing antibodies have
been, and continue to be, developed against both glycopro-
teins. Currently, only one that targets the F glycoprotein is
used in the prevention of hRSV infections in high-risk cases,
palivizumab (IMpact-RSV Study Group 1998; Johnson et al.
1997); it is this antibody that we used for our analyses.
Cryo-EM and cryo-ET imaging of hRSV particles revealed
both unlabeled and immunolabeled glycoproteins along the
entire length of viral filaments and at sites of virus assembly
at the cell plasma membrane (Figs. 4, 5; Supplementary Fig.
2; Supplementary Movie 2). The immunolabeling of the
hRSV F glycoprotein was consistent with that which has
been previously reported. The hRSV F glycoprotein, when

labeled for direct stochastic optical reconstruction micros-
copy (ASTORM) imaging, was present along the length of
viral filaments (Alonas et al. 2014), which is consistent with
our results. However, at EM-level resolution, where we are
able to resolve the individual glycoproteins (Kiss et al. 2014;
Liljeroos et al. 2013), we expected to find the distribution of
the immunolabeled F glycoproteins to be impacted by: (1)
the ratio and organization of the F and G glycoproteins on
the virus, and (2) the steric hindrance/accessibility associ-
ated with the primary and 6-nm gold-conjugated secondary
antibody with the F glycoprotein antigenic site II (McLellan
et al. 2011). The native immunolabeling of the hRSV F gly-
coprotein underscores this level of glycoprotein organiza-
tion (Figs. 4, 5; Supplementary Fig. 2). We examined
whether employing different secondary antibodies would
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Figure 4. Cryo-transmission electron microscopy and cryo-electron tomography of hRSV-infected Hela cells with the hRSV F
glycoprotein immunolabeled. (A) Low magnification montage of released, filamentous hRSV particles and a Hela cell extension (white
asterisk). (B and C) Higher magnification views of the montage in (A) highlighting immunolabeling of hRSV F along the viral filaments.
(B—C) Dashed box (B) and solid box (C) are indicated in (A). (D) Slice (7.64 nm) from the 3D reconstruction of the area in (B)
illustrating hRSV filaments with surface glycoproteins and immunogold (black arrowheads). Note the presence of ribonucleoprotein
(RNP) in some of the viral filaments (white arrowheads). Insets in (C) and (D) (black boxes) are 2x magnification. Gold fiducial
markers, 20 nm in diameter, were added to the sample and used as image alignment aids during the 3D tomographic reconstruction

process. Scale (A) 2 ym; (B, C) 500 nm; (D) 200 nm.

alter immunolabeling efficiency and the distribution of the
gold particles. No variability in label distribution was noted
when either the 6-nm gold-conjugated goat anti-human IgG
or protein G was applied (Supplementary Fig. 2).
Conventional TEM processing and imaging of samples post-
immunolabeling disclosed comparable labeling efficiencies
and arrangements of the 6-nm gold clusters along hRSV
viral filaments and at the hRSV assembly sites along the
plasma membrane (Fig. 6).

Preservation of Cellular Ultrastructure

One significant compromise researchers make when immu-
nolabeling a specimen for EM is with respect to ultrastruc-
ture preservation. Most protocols require chemical fixation
using either paraformaldehyde or a combination of parafor-
maldehyde and glutaraldehyde and, in some cases, post-
fixation with osmium tetroxide, in order to stop biological
activity and stabilize cell architecture. However, chemical
fixation might disrupt antigenicity of the target macromole-
cules and may alter the cellular ultrastructure. Therefore, we
examined the 2D projection images and 3D reconstructions
of the cells and viruses to address whether the native immu-
nolabeling technique would inadvertently deteriorate the sta-
bility of known cellular and viral structures. In all

cryo-preserved samples of the HIV-1 ¢cDNA and tetherin
co-transfected HT1080 cells, cellular structures, such as
membranes, the cytoskeleton, intracellular vesicles, and mac-
romolecular complexes were intact and well preserved (Figs.
1, 2; Supplementary Movie 1). The morphology and architec-
ture of the native-immunolabeled cryo-preserved cells was
comparable to unlabeled cells also preserved by vitrification
[data not shown and Strauss et al. (2014)]. In particular, long
tracts and extended networks of actin filaments were well
resolved in the areas associated with HIV-1 virus assembly,
budding, and restriction (Fig. 2; Supplementary Movie 1).
We also studied the images and 3D volumes of the cryo-
preserved hRSV-infected HeLa cells and determined that cel-
lular structures were intact and consistent with those of unla-
beled cells (Fig. 5; Supplementary Movie 2). As with the
HT1080 cells, HeLa cells also contained extensive actin net-
works and distinct cell membranes, a hallmark of well-
preserved cellular structure.

Three-Dimensional Structure and Localization
Information
The main rationales behind the development and applica-

tion of this native-immunolabeling approach for cells and
virus-infected cells were to: 1) rapidly identify regions of
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Figure 5. Early hRSV assembly site detected by native immunolabeling. (A) 2D cryo-electron microscopy image of an hRSV
assembly site; the 6-nm gold particles indicate the location of the hRSV F glycoprotein (black arrowheads) at the upper surface of

the plasma membrane. (B and C) Segmented 3D volume of the hRSV and cellular macromolecules. (B) Top view. (C) Cut-away and
side view of (B) with 90° rotation applied. The cell membrane is presented in cyan. The filamentous actin network is noted in green.
The matrix protein is depicted in blue. The glycoprotein densities are highlighted in magenta. Red tubular densities correspond to
ribonucleoprotein (RNP). Gold densities are the 6-nm gold particles conjugated to the secondary antibody. (D—F) Slices (7.64 nm)
through the reconstructed 3D volume showing the gold on the top (D, black arrowheads), a quarter-plane slice noting the hRSV viral
proteins (E, white asterisk), and a bottom slice highlighting the actin filaments (F, white arrowheads). Inset in A is 2% magnification,
insets in D-F are 1.5% magnification. Gold fiducial markers, 20 nm in diameter, were added to the sample and used as image alignment
aids during the 3D tomographic reconstruction process. Scale (A, B, D-F) 200 nm; (C) 50 nm.

interest on a cell, 2) determine the 3D spatial relationships
between the immunolabeled entity and other macromolecu-
lar complexes, and 3) retain cellular and viral ultrastructural
integrity. We used 2D cryo-EM imaging to quickly pinpoint
regions of importance and cryo-ET to generate 3D volumes
of released viruses and the virus-transfected or virus-
infected cells. The gold labels were critical for locating sec-
tions of the grids with labeled virus, in the case of hRSV
(Fig. 4), or regions of the cells where viral particles were
assembling (Figs. 4, 5), or for HIV-1 association with teth-
erin (Figs. 1, 2). The 6-nm gold particle conjugates used for

immunolabeling the target proteins could be clearly differ-
entiated from the 10-nm or 20-nm gold particles used for
cryo-ET image alignment (Figs. 2, 5; Supplementary Fig. 2;
Supplementary Movies 1, 2).

In our analysis of the 3D volumes of the tetherin-labeled
HIV-1 ¢cDNA and tetherin co-transfected HT1080 cells, we
were able to identify and assess the nature of tetherin along
the plasma membrane. As has been reported previously, we
show that tetherin-enriched regions resided as discrete areas,
or microdomains, on the plasma membrane (Billcliff et al.
2013; Hammonds et al. 2012). The tetherin-containing
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Figure 6. Conventional transmission electron microscopy (TEM) of hRSV with the native F glycoprotein immunolabeled. (A—C)
Black arrowheads point to immunogold labeling along viral filaments both at assembly sites and of released hRSV filaments. (A) White
arrowheads note actin filaments and the white asterisk points to a mitochondrion. (B) Assembling viral filament extended from the
plasma membrane. (C) Intermediate magnification image of filamentous hRSV virion with immunogold labeling of the F glycoproteins.
Inset in (A) is 3x magnification, insets in (B) and (C) are 2x magnification. Scale (A) 500 nm and (B and C) 200 nm.

regions were also closely associated with regions of HIV-1
VLP and virus assembly and budding. Immunolabeled teth-
erin macromolecules were resolved as small fibrous exten-
sions on the cell membrane, between the cell membrane and
viral particles, and between viral particles (Fig. 2;
Supplementary Movie 1). Characteristic HIV-1 VLP and
virus particle structures were preserved in all samples exam-
ined (Benjamin et al. 2005; Briggs et al. 2006; Briggs et al.
2009; Carlson et al. 2008; Wright et al. 2007). HIV-1 VLPs
ranged from 78 nm to 182 nm in diameter (mean + SD, 115 nm
+ 20; n=178) and contained highly ordered regions of the
Gag lattice (Fig. 1). Both immature Gag-containing and
mature, cored HIV-1 virus particles were observed bound to
the plasma membrane of the HT1080 cells by filamentous
extensions (Fig. 2; Supplementary Movie 1).

We examined the 3D volumes of the hRSV viral filaments
and hRSV-infected cells immunolabeled for the F glycopro-
tein to determine: 1) the location and organization of the F
glycoprotein on the viral filaments, 2) the relationship between
the F glycoprotein and other hRSV structural proteins located
in the interior of the viral filaments, and 3) discrete sites of
virus assembly on the cell surface. The placement of the
immunolabeled hRSV F glycoproteins was easily determined
both along extending viral filaments (Fig. 4) and at sites of
assembly (Fig. 5; Supplementary Movie 2). The arrangement
of the hRSV F glycoprotein along viral filaments was consis-
tent with that which has been reported previously (Kiss et al.
2014; Liljeroos et al. 2013). The matrix protein and ribonu-
cleoprotein (RNP) complex were also resolved along the viral
membrane in close proximity to the glycoproteins (Fig. 4;
Supplementary Fig. 2) (Kiss et al. 2014; Liljeroos et al. 2013).
Native immunolabeling of the hRSV F glycoprotein also

proved useful for identifying the location of an early stage of
virus assembly (Fig. 5; Supplementary Movie 2). Studies of
this early event will play a significant role in our understand-
ing of the coordination of hRSV viral proteins during assem-
bly and subsequent budding at the plasma membrane. 2D
cryo-EM imaging allowed us to locate a small patch of 6-nm
gold particles on the plasma membrane of an hRSV-infected
HeLa cell (Fig. 5A). The 3D tomographic reconstruction
revealed the hRSV glycoproteins on the membrane surface
and the matrix protein and the RNP complex coalescing under
the membrane. Actin filaments were also visualized in the cell
cytoplasm beneath areas containing the viral proteins. Results
from the hRSV experiments highlight that native immunola-
beling of surface proteins provides guidance for cryo-ET data
collection; in this case, assistance for locating the early stages
of hRSV assembly.

In summary, we have demonstrated the practicality of a
native-immunolabeling approach for cells and virus-
infected or virus-transfected cells that can be used for both
cryo-EM and conventional EM strategies. This methodol-
ogy provides a rapid means for immunolabeling proteins
and protein complexes present on the membranes of cells
and viruses. The ultrastructure of the immunolabeled cells
was retained to high fidelity, contrary to conventional
immunolabeling strategies. When the cryo-preserved
labeled specimens were imaged by cryo-EM, the regions of
interest were readily identified and the 3D spatial relation-
ships between specific complexes were determined at mac-
romolecular resolution. Immunolabeled specimens that
were processed for conventional TEM also retained plasma
membrane integrity, cytoplasm and cytoskeleton organiza-
tion, and virus architecture.



790

Yi et al.

In this study, we used ‘indirect’ immunolabeling, whereby
a gold particle-conjugated secondary antibody was applied.
To further expand the utility of native immunolabeling for
correlative imaging from light microscopy to electron
microscopy, fluorescently labeled secondary antibodies con-
jugated with gold particles could be employed. This strategy
would facilitate the light microscopic identification of spe-
cific cells grown on a substrate prior to sample preservation
for cryo-TEM or scanning electron microscopy (SEM) imag-
ing. In addition, future investigations to improve the method
will include employing gold-conjugated primary antibodies
to ‘directly’ immunolabel the target and the use of smaller
gold particles to minimize size-associated steric hindrances.

The focus of this study was to investigate the localization
patterns of proteins and complexes present on the membrane
surfaces of cells and virus-infected or virus-transfected cells.
Further improvements and advancements are required for the
targeted native-state, electron-dense labeling of macromole-
cules within the interior of cells and viruses. Current conven-
tional, pre-embedding immunolabeling methods of whole
cells generally necessitate the permeabilization of the plasma
membrane for the introduction of antibodies and marker-con-
jugated antibodies into the cell cytoplasm (Hayat 1995).
However, the process of permeabilizing the plasma membrane
may alter membrane integrity or cell ultrastructure, neither of
which is ideal for cryo-EM structural studies. Consequently,
several approaches are under development and incorporate the
use of ferritin (Wang et al. 2011), quantum dots (Gold et al.
2014), or metallothionein (Diestra et al. 2009; Fernandez de
Castro et al. 2014; Mercogliano and DeRosier 2007) fusion
constructs for the targeted labeling of macromolecules.
However, even though each technique has shown promise in
specific biological instances, none have been widely used in
cryo-EM analyses due to incompatibilities with cell types,
inability of the target protein to assemble properly, or cytotox-
icity associated with the reagents. Concurrent with the explora-
tion of electron-dense probes for cryo-EM, high-precision
correlative light and electron microscopy (CLEM) approaches
have been realized (Briegel et al. 2010; Jun et al. 2011; Schorb
and Briggs 2014). These advances may have eliminated some
of'the need for using an electron-dense marker to determine the
placement of complexes within a cell. However, immunolabel-
ing with electron-dense markers will remain an essential tool
for all areas of electron microscopy because it permits the
assessment of interactions between complexes at resolutions
not readily achievable by fluorescence microscopy.

Finally, we did not computationally ‘remove’ gold parti-
cles from the 2D images or 3D reconstructions (Kremer et al.
1996). This approach, combined with the use of smaller gold
particles may be advantageous for improved 3D structure
interpretation. Due to the utility and easy implementation of
the method we have described for labeling thicker biological
specimens, such as whole mammalian cells, for cryo-EM
investigations, we believe it will be an advantageous tech-
nique for ultrastructural analyses of many cellular systems.
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