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To enter a cell and establish infection, HIV must first fuse its
lipid envelope with the host cell plasma membrane. Whereas
the process of HIV membrane fusion can be tracked by fluores-
cence microscopy, the 3D configuration of proteins and lipids at
intermediate steps can only be resolved with cryo-electron to-
mography (cryoET). However, cryoET of whole cells is techni-
cally difficult. To overcome this problem, we have adapted giant
plasma membrane vesicles (or blebs) from native cell mem-
branes expressing appropriate receptors as targets for fusion
with HIV envelope glycoprotein-expressing pseudovirus par-
ticles with and without Serinc host restriction factors. The
fusion behavior of these particles was probed by TIRF micros-
copy on bleb-derived supported membranes. Timed snapshots
of fusion of the same particles with blebs were examined by
cryo-ET. The combination of these methods allowed us to char-
acterize the structures of various intermediates on the fusion
pathway and showed that when Serinc3 or Serinc5 (but not Ser-
inc2) were present, later fusion products were more prevalent,
suggesting that Serinc3/5 act at multiple steps to prevent pro-
gression to full fusion. In addition, the antifungal amphotericin
B reversed Serinc restriction, presumably by intercalation into
the fusing membranes. Our results provide a highly detailed
view of Serinc restriction of HIV-cell membrane fusion and thus
extend current structural and functional information on Serinc
as a lipid-binding protein.

To establish an infection, HIV must enter the cell by fusing
its lipid membrane with a host cell membrane (1). HIV mem-
brane fusion is mediated by conformational rearrangements in
the viral envelope protein, Env, that are induced by binding to
receptor, CD4, and co-receptor, CCR5 or CXCR4 (2). The pro-
cess of HIV membrane fusion is thought to proceed through
defined intermediate steps: receptor binding, hemifusion, and
fusion pore opening and widening, similar to other enveloped
viruses, such as influenza (3). The earliest step, receptor bind-
ing, has been visualized with nanometer resolution by electron
tomography of plastic sectioned cells (4), but subsequent steps
have not been directly observed. Fusion of influenza virus with
its much simpler pH-sensitive fusion trigger has previously
been studied by observing themerging of viral membrane enve-
lopes with artificial liposomes using cryo-electron tomography

(cryoET) (5–7), but HIV’s requirement for two cell surface
membrane proteins to trigger fusion has made in vitro reconsti-
tution difficult. To examine fusion of HIV at the plasma mem-
brane with cryoET, we have adapted giant plasma membrane
vesicles (GPMVs or blebs) as model target membranes. Blebs
are detached plasmamembrane–derived vesicles that are much
smaller than a cell and can easily be frozen in thin, vitreous ice
required for cryoET. Blebs produced from cells expressing CD4
and CCR5 incorporate these full-length proteins along with
their native lipid environment and post-translational modifica-
tions (8, 9). We reported earlier that the final fusion product of
murine leukemia virus pseudoviruses bearing HIV Env and
plasma membrane blebs can be visualized in projection by
cryo-electron microscopy (9), and now show here that this sys-
tem is ideally suited to image timed snapshots of 3D volumes,
thus revealing multiple stages of the HIV fusion process by cry-
oET. In this study, we used a combination of cryoET and total
internal reflection fluorescence (TIRF) microscopy with mem-
brane blebs from HIV target cells to reveal various steps of
fusion between two biological membranes, namely the HIV en-
velope and plasmamembranes of susceptible cells. Tomograms
of pseudovirus particles vitrified after different incubation
times with CD41/CCR51 cell membrane blebs reveal a time-
line of HIV fusion.
Serinc3 and Serinc5 are recently described viral restriction

factors (10, 11) that are thought to block infection at cell entry,
although the exact mechanism remains the subject of debate.
Serincs comprise a family of plasma membrane proteins (12)
that, in the absence of the HIV accessory protein, Nef, can
incorporate into budding viral particles and decrease the infec-
tivity of those progeny viral particles (13). Whereas isoforms
Serinc3 and Serinc5 can block infection of subsequent cells,
other isoforms, including Serinc2, do not. Previous work has
suggested that Serincs may act at the very earliest steps of
membrane fusion by changing the conformation or clustering
of unliganded Env (14), as evidenced by increased binding of
broadly neutralizing antibodies to Env on Serinc5-containing
viral particles (15–17). Serincs are integral membrane proteins
that have been reported to be involved in lipid synthesis (12).
Indeed, the structure of Serinc5 features a lipid-binding groove
involving 4 of its 10 transmembrane helices, and is stabilized by
cholesterol, cardiolipin, and phospholipids (18). Despite these
observations, when incorporated into viruses, Serincs do not
appear to detectably alter the composition of the viral mem-
brane (19). Some investigators have also suggested that Serinc
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incorporation may change the distribution of Env in the viral
membrane (20). Yet others have interpreted Serinc5’s strong
inhibition of infection to be indicative of an effect on fusion
pore enlargement that would prevent delivery of the viral nu-
cleocapsid into the cytosol (10, 11). This view was supported by
the observation of impaired fusion pore formation using live
cell imaging of HIV pseudovirus cell entry (17).
To elucidate at which step(s) Serincs might interfere with

membrane fusion, we used a combination of TIRF microscopy
and cryoET to monitor the evolution of fusion of viral particles
with and without restricting and nonrestricting Serinc isoforms
in their envelopes. With TIRF microscopy, we examine the
fusion behavior of individual Serinc-containing and Serinc-
lacking HIV pseudovirus particles to bleb-derived receptor–
and co-receptor–containing supported planar plasma mem-
branes (SPPMs) and find that Serinc3 and Serinc5, but not
Serinc2, create bottlenecks to fusion at the hemifusion and at
the pore expansion stage. Serinc3 and Serinc5, but not Serinc2,
alter the progression of fusion and also reveal a subpopulation
of new “cinched” structures not seen in the absence of Serincs.
The combination of cryoET and TIRF microscopy on blebbed
plasma membranes from receptor-expressing cells proved to
be a powerful approach to reveal striking 3D images of mem-
brane structures during restricted and unrestricted HIV fusion
and thus provide structural as well as new functional insights
into how Serincs restrict HIV entry into cells.

Results

Plasma membrane blebs as models for studying HIV
membrane fusion

An ideal model target membrane for HIV fusion requires re-
ceptor, CD4, and co-receptor, CCR5 or CXCR4, in a lipid
bilayer of size and geometry amenable to fluorescence and
cryo-electron microscopies. Reconstitution of recombinant
CD4 and CCR5 into proteoliposomes could produce such a
model membrane but would be labor-intensive, technically dif-
ficult, and still generate lipid bilayers lackingmany components
of the target biological membrane. Production of GPMVs or
blebs from HeLa cells is relatively simple (8), and such vesicles
can be derived from cells that express CD4 and CCR5 (9). Blebs
also have the advantage of featuring the native lipid composi-
tion of the plasma membrane and full-length proteins with
appropriate post-translational modifications (Fig. 1a). We have
previously established that blebs and SPPMs are good models
for studying fusion of single murine leukemia virus particles
pseudotypedwith HIV Env in the absence of Serincs (9). To val-
idate the fusion behaviors of HIV viral particles with and with-
out Serincs for structural characterization by cryoET, we there-
fore turn first to their characterization by TIRFmicroscopy.
We prepared blebs from HeLa cells expressing CD4

and CCR5 as described under “Experimental procedures.”
Detached blebs were transformed from their spherical geome-
try into an SPPM by first depositing a lipid monolayer on a
quartz slide via the Langmuir–Blodgett method, followed by
spreading of the blebs on that monolayer (9) (see “Experimental
procedures”). The resultant SPPM was then used as a target
membrane with which to study single-particle fusion via TIRF

microscopy (Fig. 1b). We modified our prior single-particle
fusion assay by employing HIV pseudovirus particles that bear
HIV Env and incorporate a freely diffusible mCherry content
marker (21). When such particles were introduced into an
SPPM from HeLa CD41/CCR51 cells, we observed a sudden
appearance of punctate fluorescence, exemplified by the region
of interest (ROI) shown in (Fig. 1c), indicating binding of the
particle to the SPPM. The peak andmean intensities of the ROI
shown in Fig. 1c are plotted over time in Fig. 1d. The fluores-
cence of the particle shown was stable over about 12 s, and then
gradually declined to background fluorescence due to fusion
and release of soluble mCherry into the cleft between the sup-
ported membrane and the quartz slide. Many such intensity
traces were aligned to the onset of fusion, characterized by a
peak due to initial contentmovement within the evanescent ex-
citation field, and averaged (Fig. 1e). This average intensity was
fit to a release model as described in Fig. S1, where mCherry is
released into the aqueous cleft and allowed to diffuse laterally.
Given the similarity of intensity traces of slow decay events to
other previously published descriptions of single-particle viral
fusion (22) and vesicle fusion (23) to supported membranes, we
interpreted events such as those shown in Fig. 1 (c–e) to repre-
sent stable binding followed by membrane fusion and release of
viral contents. Of the particles that bind to SPPMs, a higher
fraction undergo fusion to CD4- and CCR5-containing mem-
branes than to receptor-lacking membranes prepared in the
samemanner, which indicates this process is HIV receptor–de-
pendent (Fig. 1f).

Observation of HIV membrane fusion by cryoET

Previous work has observed HIV particles bound to a T cell
with multiple densities in between (4), but no work to date has
directly observed subsequent steps of HIV membrane fusion
and cell entry by cryoET. To obtain detailed snapshots of HIV
pseudovirus particles in the act of membrane fusion, we
employed GPMVs/blebs as target membranes for studying HIV
fusion by cryoET. To increase the likelihood of observing
short-lived fusion intermediates betweenCD4- and CCR5-con-
taining blebs and HIV pseudoviruses, we synchronized fusion
by prebinding pseudoviruses to blebs at 4 °C, raising the tem-
perature to 37 °C for defined, brief times, and then immediately
freezing the samples for cryoET. As fusion of multiple pseudo-
virus particles and blebs proceeds, one would expect the result-
ing membraned structure to be larger than the starting compo-
nents, which is confirmed by the data shown in Fig. 2a (red
bars). The average diameter of membraned particles increased
as themixture of pseudovirus and bleb was warmed for a longer
time before freezing. This increase was blocked by the addition
of the fusion-inhibiting peptide T20, which binds to the N-ter-
minal heptad repeat region of HIV gp41, the transmembrane
and fusion-promoting subunit of Env, and prevents the six-he-
lix bundle formation that is required for fusion (24). Consistent
with its described mechanism of action, T20-treated samples
only showed receptor-mediated binding events (Fig. 2, a (blue
bars) and b). Samples without T20 that were warmed for 10 s
before freezing showed multiple structures that we interpret
as receptor-mediated binding, hemifusion, and early fusion
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products—whereas samples that were warmed for 30 s showed
only some residual receptor-mediated binding events (Fig. 2a).
Receptor binding at the later time point may represent defec-
tive pseudovirus particles that are incapable of fusion and thus
remain attached to the bleb when other pseudoviruses have
fused and are indistinguishable from blebs. The majority of
tomograms of samples warmed to 37 °C for 30 s showed large-
membraned particles that we deem late fusion products, which
is consistent with measurement of those particle’s diameters.
Examination of tomograms of T20-treated samples (Fig. 2b

and Video S1) showed viral and target membranes in very close
apposition but with a cleft between the densities separating the
surfaces of both membranes. Additionally, densities extending
from the viral membrane surface with a shape reminiscent of
HIV Env (orange arrow) meet densities extending from the bleb
membrane that intersect the Env-like density. There are no
such densities in the area of closest approach of the two mem-
branes. A similar scene was observed in tomograms of virus
and bleb without T20 (Fig. 2c and Video S2), leading us to clas-
sify such interactions of virus and bleb as receptor-mediated
binding, an early step of HIV fusion. In samples frozen 10 s after

warming, we also observed events where there was no cleft
between the membrane surfaces, but the line and curvature of
the inner leaflet surfaces of the viral and bleb membranes were
still clearly demarcated and not interacting (Fig. 2d and Video
S3). Based on the similarity of these events to those observed in
previous studies of influenza A fusion with liposomes by cry-
oET (7), we classify these events as hemifusion.
We observed a third class of events, where a single lipid

bilayer surrounds contents of two different textures with a nar-
rowing of the lipid bilayer around the transition between tex-
tures (Fig. 2e). The texture of the smaller lobe is reminiscent of
the darker texture seen in viruses (Figs. 2, b–d), and densities
extend from the membrane around the smaller lobe that could
be HIV Env. Similar events were observed previously for influ-
enza A membrane fusion with liposomes and classified as an
early stage of fusion pore dilation (6), leading us to classify these
events as an early fusion product, likely a step when the fusion
pore is dilating and the viral matrix layer is dissociating. Similar
events were also observed after herpes simplex virus-1 fusion to
the plasma membrane of whole cells (25). In the samples
warmed at 37 °C for 30 s before freezing, we observe some virus

Figure 1. Membrane blebs as a model for studying viral fusion. a, cartoon depicting the protocol for making CD4- and CCR5-containing blebs from HeLa
cells. Detached blebs are mixed with HIV pseudoviruses and frozen for cryoET or used to form a SPPM as shown in b. b, cartoon showing discrete steps of HIV
fusion to a bleb-derived SPPM in a TIRF-based single-particle fusion assay. All pseudoviruses are grown with a genetically encoded soluble content marker,
mCherry, that upon fusion diffuses out of the virus and into the cleft between the SPPM and the substrate (described in Ref. 21). c, example micrographs of an
HIV pseudovirus particle with a diffusible mCherry content marker fusing with a CD4 and CCR5 containing SPPM. Each box represents the same region sepa-
rated in time by 0.2 s. d, fluorescence intensity of the same particle is plotted over time, where peak is the intensity of the brightest pixel in the 73 7 region
andmean is the average intensity of the same area. e, 30 intensity traces of fusing particles were aligned to the increase in intensity at the onset of fusion, aver-
aged (black squares show the mean, gray shaded area shows S.D.), and fit to a release model as shown in Fig. S1 (red line). f, fraction of stably bound particles
that undergo fusion to SPPMs made with blebs from CD4- and CCR5-overexpressing HeLa cells or HeLa cells that do not express either. Each point represents
a separately prepared bilayer. Error bars, S.E.
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Figure 2. Observation of HIV membrane fusion intermediate structures by cryoET. a, membraned particle size and enumeration of fusion intermediates
for each sample treatment. Spherical CD4- and CCR5-containing blebs were mixed with HIV pseudoviruses on ice and warmed to 37 °C for the indicated time
before freezing on a grid for cryoET. The number of intermediate structures observed for each condition (left y axis) and themaximum diameter in the z-direc-
tion of membraned particles in a tomogram (red bars and right y axis) were plotted. Data are from one set of matched samples prepared and frozen at the
same time and are taken from 109 similar tomograms. The number of tomograms for each treatment in this matched set is listed below the x axis. Error bars, S.
E. Welch’s t test is shown above data: **, p, 0.01; ns, not significant. Examples of each type of event are shown in b–f. b–f, z-slices through tomograms of HIV
pseudovirus and blebs. Additional slices at higher zoom are shown on the right and labeled with their slice number in the z-direction. Tomograms are shown
with cryoCARE denoising to enhance contrast for display. Scale bars, 100 nm unless otherwise indicated. Videos showing the complete tomograms and addi-
tional examples can be found in the supporting data. b, tomogram of V4 High Env HIV pseudovirus and bleb mixture treated with 135 ng/ml T20. To highlight
densities suggested to represent Env (orange arrow) or densities that could potentially be CD4 (white arrow), higher-magnification views are shown below
with a 50-nm scale bar. c, example tomogram showing characteristics used to classify receptor-mediated binding events. The mixture of HIV pseudovirus and
blebs with 40 mM IP6 was warmed to 37 °C for 10 s before freezing. Defocus was210 mm. d, example tomogram showing characteristics used to classify hemi-
fusion events. The mixture of HIV pseudovirus and blebs with 40mM IP6 was warmed to 37 °C for 10 s before freezing. Defocus was210mm. e, example tomo-
gram showing characteristics used to classify early fusion product events. The mixture of HIV pseudovirus and bleb was warmed to 37 °C for 10 s before
freezing. These types of events were relatively rare in the data set. Defocus was 26 mm. f, example tomogram of HIV pseudoviruses and blebs warmed to
37 °C for 30 s, which likely represents the product of multiple rounds of membrane fusion. Densities extend from themembrane that resemble HIV Env (orange
arrows) and CD4 (white arrows). Defocus was26mm. Complete tomograms of b2d are presented in Videos S1–S3.
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particles binding to blebs (Fig. 2a), but we mostly observe
images such as seen in Fig. 2f, where there is a single, large-
membraned particle. Closer examination of the densities pro-
truding from the membrane show multiple mushroom-like
densities that may be HIV Env (orange arrows) and others that
resemble the Ig-fold of CD4 (white arrows). Given the increase
in particle size at 30 s and the presence of densities in the uni-
fied membrane that could be contributed by both virus and
bleb, we interpret similar structures to be the result of pseudo-
virus-bleb full fusion, likely the products of multiple rounds of
virus and bleb fusion. Additional examples of HIV pseudovi-
rus-bleb fusion intermediates are shown in Fig. S2.
Initial studies were performedwith aHEK 293T–based pack-

aging cell line that produces viral particles with 10-fold higher
incorporation of HIV Env (26) (Fig. 2b), but we did not observe
any increased fusion, as reported by mCherry release, with high
Env pseudoviruses versus pseudoviruses produced from stand-
ard HEK 293T cells, so all subsequent studies were performed
with SF162 HIV Env pseudoviruses produced from transiently
transfected HEK 293T cells. In summary, using CD4- and
CCR5-containing blebs as a target membrane to study HIV
membrane fusion by cryoET, we have observed intermediates
of HIVmembrane fusion.

Effects of Serincs on HIV membrane fusion

We next applied both TIRF microscopy and cryoET to study
fusion of Serinc-containing HIV Env pseudoviruses. There was
a decrease in Serinc2- and Serinc3-containing HIV pseudovirus
particles binding to CD4- and CCR5-containing SPPMs as
compared with pseudoviruses that did not incorporate Serincs
(Serinc-lacking) but no significant difference for Serinc5-con-
taining pseudoviruses (Fig. 3a). However, of the particles that
did bind, Serinc3- and Serinc5-containing pseudoviruses dis-
played impaired release of viral contents, whereas Serinc2 pseu-
doviruses had a similar fusion probability to Serinc-lacking
viruses (Fig. 3b), as seen by Sood et al. (17) for Serinc5 and
Serinc2, respectively. The magnitude of Serinc3 and Serinc5
restriction was titratable with transfection of increasing amounts
of Serinc plasmid (Fig. S3a). For those viruses from Serinc-con-
taining samples that did fuse, the kinetics of progression from
binding to fusion pore opening were not appreciably different
compared with those for Serinc-lacking pseudoviruses (Fig. 3c).
Kinetics of viral content release are similar to previously pub-
lished measurement of influenza A fusion to supported bilayers
(22). The Serinc3 and Serinc5 particles that do fuse are a smaller
subpopulation that could have lower Serinc incorporation. Infec-
tion of TZM-bl cells by the same preparations of HIV pseudovi-
rus particles (Fig. 3d) recapitulated the SPPM fusion results (Fig.
3b), where Serinc3 and Serinc5 restricted HIV infection but Ser-
inc2 did not, which is consistent with previously published infec-
tion results (10, 11, 15–17, 19, 27–30). Similarly, the size of mem-
braned particles visualized by cryoET at 30 s after mixing of
pseudovirus and blebs was notably smaller in tomograms of Ser-
inc3- and Serinc5-containing pseudoviruses and blebs (Fig. 3e).
Even at the later, 30-s time point when most Serinc-lacking
viruses had progressed to late fusion products (Fig. 2a), we visual-

ized many hemifusion and early fusion product events in tomo-
gramswith Serinc3 and Serinc5 pseudoviruses (Fig. 3f).
Most tomograms of Serinc2 pseudoviruses looked very

similar to the late fusion products seen with Serinc-lacking
pseudoviruses at the same 30-s time point (Fig. 3g); in 15
tomograms of Serinc2 samples, we observed only one early
fusion product (Fig. 3h). Strikingly, some of the early fusion
products observed in Serinc3 (Fig. 3, i and j) and Serinc5 (Fig.
3, k and l) tomograms show a cinching of membraned par-
ticles, and in the tomograms where viral capsids can be
visualized, the capsid does not pass the narrowed section
(Fig. S4). Together, the higher-resolution snapshots of Ser-
inc-disrupted fusion obtained with cryoET and the informa-
tion on the dynamic process of HIV pseudovirus fusion to
SPPMs from TIRF microscopy show that Serinc3 and Serinc5
incorporation increases the likelihood of observing hemifu-
sion and abnormal early fusion products and inhibits the
opening of fusion pores large enough for passage of soluble
mCherry.

Perturbations of membranes rescues HIV fusion from Serinc
restriction

To better understand the step at which Serinc3 and Serinc5
restrict HIV fusion, we incorporated a fluorescent lipid,
Atto488-dimyristoylphosphatidylethanolamine (DMPE), into
the membrane of HIV pseudoviruses (Fig. 4a). Because mem-
brane dyes have been reported to alter the efficiency and
kinetics of viral fusion (31), we selected a phospholipid conju-
gated to a non-membrane-interacting fluorophore (32) that
should have less of an effect on fusion, and indeed, we observed
the same fusion efficiency for Serinc-lacking pseudoviruses
whether or not they were labeled with Atto488-DMPE (Fig.
S5). Fluorophore-conjugated phospholipids do not readily flip
across a lipid bilayer (33), so the dye is largely confined to the
outer leaflet of the viral membrane (Fig. S6). Upon lipid mixing
of the viral and target membranes, as occurs during hemifusion,
the punctate fluorescence of the membrane dye diffuses into
the bilayer (Fig. S7). When dual mCherry- and lipid-labeled
HIV pseudoviruses were allowed to fuse with an SPPM, no dif-
ference was seen in fusion probability between Serinc-lacking
and Serinc-containing viruses, as reported by the membrane
dye (Fig. 4b, green bars). However, incorporation of Atto488-
DMPE increased the full fusion (content release) probability of
Serinc3- and Serinc5-containing viruses as reported by the
mCherry content marker (Fig. 4b (red bars) compared with Fig.
3b). This is in contrast to the behavior of mCherry singly la-
beled particles, where a clear diminution of content release was
seen for Serinc3- and Serinc5-containing particles versus Ser-
inc-lacking particles (Fig. 3b). Labeling the virus with Atto488-
DMPE increases the speed of fusion pore opening of all types of
pseudoviruses (Fig. 4c), but there are no significant differences
in the speed of lipid mixing (i.e. hemifusion) of Serinc-lacking
and Serinc-containing pseudoviruses as reported by the mem-
brane dye (Fig. 4d). Changes in fusion probability and speed
with Atto488-DMPE–treated pseudovirus could be the result
of changes in lipid order of the viral membrane.
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The antifungal agent amphotericin B is known to partition
into membrane interfaces and to induce local changes in lipid
order (34), as may occur in Atto488-DMPE–treated viruses.
We found that 1 mM amphotericin B increased HIV pseudovi-

rus infection of TZM-bl cells for Serinc5-containing pseudovi-
rus with a trend toward increase for Serinc3-containing par-
ticles. In contrast, amphotericin B had little effect on the
infectivity of Serinc-lacking or Serinc2-containing particles
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(Fig. 4e). In the single-particle SPPM fusion assay, 1mM ampho-
tericin B rescued fusion of Serinc3- and Serinc5-containing
pseudoviruses but had no effect on Serinc-lacking or Serinc2
pseudoviruses (Fig. 4f). Therefore, it appears that perturbation
of the viral membrane with lipophilic drugs, such as amphoteri-
cin B, or incorporation of exogenous lipids, such as Atto488-
DMPE, can rescue Serinc3- and Serinc5-restricted HIV mem-
brane fusion.

Discussion

In this study, we demonstrated that plasma membrane
blebs are very useful biological target membranes to study
HIV membrane fusion with the powerful combination of cry-
oET and TIRF microscopy. The two methods assess struc-
tural intermediates and correlate them with functional states,
respectively. The necessity of two membrane protein recep-
tors to trigger HIV fusion previously made in vitro reconstitu-
tion of HIV fusion challenging, but blebs from HIV target
cells enable use of the full-length receptor (CD4) and co-re-
ceptor (CCR5) in multiple modalities. With such blebs, we
have observed high-resolution snapshots of HIV membrane
fusion intermediate structures and characterized the bottle-
necks of HIV fusion caused by the HIV restriction factors,
Serinc3 and Serinc5. This would likely not have been possible
to achieve with whole cells because flash-frozen samples
would have been too thick in most locations of a cell to result
in high-resolution tomograms of a process that is rare and
therefore hard to capture.
We observed an increase in the number and types of fusion

intermediate structures visualized by cryoET in Serinc3- and
Serinc5-containing samples (Fig. 3f) as well as a strong defect in
content release from Serinc3- and Serinc5-containing particles
by TIRF (Fig. 3b). This suggests that Serinc3/5 inhibit full
fusion of HIV particles without targeting one particular step in
the fusion process. It is already known that the energy required
for each step during the fusion reaction increases along the
fusion pathway (35, 36), so it is plausible that Serinc3/5 increase
the energy barriers between the intermediate states. Conse-
quently, most particles are unable to complete the final step
(pore expansion) but instead populate intermediate states.

Broad energetic changes could also explain the abnormal,
“cinched,” early fusion products observed by cryoET that
appear unable to fully dilate a fusion pore (Fig. 3, i, j, k and l).
These membrane structures are undetectable by TIRF micros-
copy because such wide fusion pores do not impede content
(mCherry) release (Fig. S1) and could only be seen in the cryo-
electron tomograms of HIV target cell membrane blebs.
Examination of the kinetics of fusion by TIRF microscopy

shows no slowing of lipid mixing (Fig. 4d) or content release
(Fig. 3c) of Serinc-containing viruses that do fuse under these
conditions. One possible explanation is that the transition state
energies of hemifusion and small fusion pore opening are
unchanged by Serinc3/5. Together with the observation of
hemifusion and cinched early fusion product events in tomo-
grams of Serinc3- and Serinc5-containing virus at the later, 30-
s time point, it may be that Serinc3/5-containing virus particles
can complete the earlier intermediates of fusion but are slowed
at later intermediate steps.
Interestingly, we discovered that treatment of HIV pseudovi-

ruses with the membrane-partitioning antifungal amphotericin
B has little effect on infection or fusion of Serinc-lacking pseu-
doviruses but increases infection and rescues fusion of Serinc3
and Serinc5 pseudoviruses, regardless of whether viral or target
membranes are treated (Fig. 4, e and f). Because amphotericin B
partitions into membranes and thereby alters the headgroup
structure of the lipids at the membrane-water interface, this
finding indicates that Serinc’s inhibitory activity on membrane
fusion likely involves its interaction with the membrane inter-
face. This view is supported by similar results that were
obtained by the lipid headgroup–altering fluorescent dye
Atto488-DMPE. Whereas it was recently shown that Serinc5
itself selectively binds certain lipids (18), our results strongly
suggest that Serinc-lipid interactions are important for HIV
restriction. How exactly this membrane interactive activity of
Serinc relates to the recently described lipid-binding grove on
Serinc5 is not known and cannot be addressed with the meth-
ods employed in this study but would be interesting to follow
up on in future experiments.
In summary, we revealed three-dimensional structures of

various intermediates on the pathway of HIV virion to plasma
membrane fusion at resolutions not previously seen. We also

Figure 3. Serinc incorporation enhances the probability of observing hemifusion and abnormal early fusion products. a, number of HIV pseudovirus
particles that bound to a CD4- and CCR5-containing SPPM. An equal amount of pseudovirus as measured by HIV p24 was introduced to bilayers and observed
by TIRF microscopy for 13.3 min. HIV pseudovirus particles used in this experiment were labeled only with anmCherry content marker. Each point represents a
separately prepared SPPM. Three separate preparations of each type of pseudovirus were examined. b, fraction of bound HIV pseudovirus particles that under-
went fusion, as reported by loss of mCherry content marker. Each point represents a separately prepared SPPM. Data were collected from five experiments
from three separate preparations of each type of pseudovirus. c, single-particle kinetics of pseudovirus fusion. The time between docking and the beginning
of fusion, as reported by loss of mCherry signal, was measured for individual viral fusion events; each point represents an event. Events from five experiments
and three separate HIV pseudovirus preparations are shown for each type. In total, 336 Serinc-lacking events, 187 Serinc2 events, 95 Serinc3 events, and 88
Serinc5 events are shown. d, infection of TZM-bl reporter cells by an equal amount of each type of HIV pseudovirus as measured by HIV p24. Data shown are
from three separate preparations of pseudovirus and three infection experiments. For each experiment, the luciferase signal was normalized to the Serinc-
lacking signal from a parallel preparation of virus examined in the same experiment. Error bars, S.E. e, maximum diameter in the z-direction of membraned par-
ticles in a tomogram after mixingwith CD4- and CCR5-containing blebs andwarming to 37 °C for 30 s before freezing for cryoET. Each point represents a tomo-
gram. Error bars, S.E. f, enumeration of fusion intermediate structures observed in tomograms of Serinc-lacking or Serinc-containing HIV pseudoviruses. The
number of tomograms for each treatment is listed below the x axis. g2l, z-slices through tomograms of Serinc-containing HIV pseudovirus and blebs that
were warmed to 37 °C for 30 s before freezing for cryoET. Tomograms are shownwith cryoCARE denoising to enhance contrast for display exceptwhere noted.
Scale bars, 100 nm. g, representative image of tomograms of Serinc2-containing HIV pseudoviruses; h, the only early fusion product event observed in all
tomograms of Serinc2 pseudoviruses and blebs. Both tomograms were prepared with 40 mM IP6 and acquired at 210 mm defocus. i and j, representative
images of early fusion products of Serinc3-containing pseudoviruses from different tomograms. iwas acquired with24 mm defocus, and jwas prepared with
40 mm IP6, taken at210 mm defocus, and is shown with nonanisotropic diffusion filtering. k, representative image of an early fusion product of Serinc5-con-
taining pseudovirus and blebs. l, an enlargement of the image in k. The tomogramwas taken at25 mmdefocus. Welch’s two-tailed t test is shown above data:
p, 0.05; **, p, 0.01; ****, p, 0.0001; ns, not significant. Complete tomograms of g, i, and k are presented in Videos S4–S6.
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demonstrated that the viral envelope–embedded restriction
factors Serinc3 and Serinc5 arrest fusion at more than one of
these intermediate structures, suggesting an underlyingmecha-
nism with broad-reaching changes to the energetics of fusion.
These results provide a new dimension to explain the mecha-
nism of Serinc’s viral restriction function. In the process, we
also showed that plasma membrane blebs are useful for study-
ing HIV membrane fusion in 3D by both cryoET and TIRF

microscopy. The TIRF data on the dynamics of fusion and the
static cryoET snapshots of multiple fusion intermediate
structures complement each other. The methodology we
developed could easily be used to study membrane fusion and
cell entry of other viruses, other types of membrane fusion,
and plasma membrane functions, such as endocytosis, clus-
tering of receptor signaling molecules, and potentially, con-
formational changes of ion channels.

Figure 4. Perturbation of the viral membrane rescues HIV fusion and infection from Serinc restriction. a, cartoon depicting SPPM fusion experiment
with double-labeled HIV pseudovirus. Because the vast majority of the Atto488-DMPE fluorescent membrane dye is in the outer leaflet of the viral membrane
(supporting data), both hemifusion and full fusion are reported as decay of the Atto488 fluorescence. Only full fusion is reported as decay of mCherry fluores-
cence. b, fraction of bound HIV pseudovirus particles that underwent fusion, as reported by loss of mCherry content marker (red) or lipid mixing, as reported
by loss of Atto488 fluorescence from membrane dye (green). Data are from four separate experiments with two technical replicates for each. Error bars, S.E.
Unpaired two-tailed t test is shown above data. All comparisons not shown are not significant. c, comparison of single-particle kinetics of Atto488-DMPE–la-
beled versus non-membrane-labeled pseudovirus fusion. The time between docking and the beginning of fusion was measured for individual viral fusion
events. Each point represents an event, and events are from four experiments. In total, 462mCherry content only (unlabeled) events, 536membrane-reported
fusion events from Atto488-DMPE–labeled pseudovirus, and 330 content-reported fusion events from Atto488-DMPE–labeled pseudovirus are shown. d, sin-
gle-particle kinetics of Atto488-DMPE–reported pseudovirus fusion. The time between docking and the beginning of lipid mixing wasmeasured for individual
viral fusion events; each point represents an event, and events are from four experiments. In total, 536 Serinc-lacking events, 373 Serinc2 events, 459 Serinc3
events, and 485 Serinc5 events are shown. e, infection of amphotericin B–treated TZM-bl cells by Serinc-containing or -lacking HIV pseudoviruses. Cells were
pretreated with 1 mM amphotericin B for 30 min before spinfection with HIV pseudoviruses, also in medium with 1 mM amphotericin B. Data shown represent
three separate preparations of pseudovirus and three infection experiments. Untreated data are replotted from Fig. 3d for comparison. Error bars, S.E. Paired
two-way t test is shown above data. f, fraction of bound HIV pseudovirus particles that underwent fusion, as reported by loss of mCherry content marker. Each
point represents a separately prepared SPPM. Untreated data are replotted from Fig. 3b for comparison. Amphotericin B–treated data were collected from
three experiments from three separate preparations of each type of pseudovirus. Unpaired two-tailed t test is shown above data: *, p, 0.05; **, p, 0.01; ****,
p, 0.0001; ns, not significant.
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Experimental procedures

Cell lines, reagents, and plasmids

HEK 293T/17 cells (ATCC) were maintained in high-glucose
Dulbecco’s minimum essential medium (Gibco) supplemented
with 10% fetal bovine serum (Atlanta Biologicals), 1% antibi-
otic-antimycotic (Gibco), 1 mM sodium pyruvate (Gibco), and 2
mM glutamine (Gibco). V4 high HIV Envelope cells were a gift
fromMichael Zwick (26) and were maintained in the same me-
dium as the HEK 293T/17 cells supplemented with 1 mg/ml pu-
romycin (Gibco). HeLa cells (ATCC), TZM-bl cells (AIDS
Reagents Program), and CD4- and CCR5-overexpressing HeLa
cells (gift of David M. Rekosh, University of Virginia) were
maintained in Iscove’s modified Dulbecco’s medium (Gibco)
supplemented with 10% fetal bovine serum and 1% antibiotic/
antimycotic. The medium of the CD4- and CCR5-overexpress-
ing HeLa cells was supplemented with 0.5 mg/ml G418 (Gibco)
and 1 mg/ml puromycin. All cells were maintained at 37 °C with
5%CO2 atmosphere.
pHIV-luciferase, pHIV-Rev, and pHIV-pack were gifts of

Wen Yuan (University of Virginia). pHIV-Env-SF162 was pro-
vided by the AIDS Reagent Program. pHIV-imCherry (37) was
a gift of Gregory Melikian (Emory University), pPBJ5-Serinc2-
HA was a gift of Massimo Pizzato (University of Trento), and
pPBJ5-Serinc3-HA and pPBJ5-Serinc5-HA were gifts of Hein-
rich Gottlinger (University of Massachusetts Medical School,
Worcester, MA, USA).

HIV pseudovirus preparation

HIV pseudoviruses were produced by transfection of HEK
293T cells (ATCC) with Lipofectamine 2000 (Invitrogen) and
the following amounts of plasmids per 10-cm dish: 13 mg of
pHIV-luciferase, 5 mg of pHIV-pack, 4 mg of pHIV-Env-SF162
(38–40), 4 mg of pHIV-imCherry, 1 mg of pHIV-Rev and 4 mg of
pBJ5-Serinc2-HA (11), pBJ5-Serinc3-HA (10), or pBJ5-Serinc5-
HA (10) as indicated in the text. “High Envelope” HIV pseudo-
viruses were produced in the previously described V4 cell line
(26) with the same amounts of plasmids excluding pHIV-Env-
SF162. Culture medium was changed 4–6 h after transfection
to phenol red–free Dulbecco’s modified Eagle’s medium sup-
plemented with 10% FBS, 1% antibiotic-antimycotic, 1 mM so-
dium pyruvate, and 2 mM glutamine. Culture supernatants
were harvested 2 days after transfection and cleared by centri-
fuging at 50003 g before passing through a 0.22-mm filter. HIV
pseudoviruses were pelleted through a 25% sucrose-HME (20
mM HEPES, 20 mM MES, 130 mM NaCl, 1 mM EDTA (pH 7.4))
cushion as described previously (41) and resuspended in buffer
HME without sucrose. Pseudovirus preparations were further
purified by density-dependent centrifugation on a discontinu-
ous sucrose gradient composed of 65% sucrose-HME and 25%
sucrose-HME spun at 151,000 3 g for 18 h. Pseudovirus was
collected from the 65%/25% sucrose interface, diluted in HME
buffer without sucrose, and repelleted through a 25% sucrose
cushion. After resuspension in HME buffer without sucrose,
the pseudovirus preparation was aliquoted and stored at280 °C.
Additionally, the concentration of HIV p24 in each preparation
was measured by ELISA (42, 43) and used to normalize the
amount of pseudovirus added to downstream experiments. Each

preparation of virus was checked for incorporation of Serincs by
Western blotting against the HA tag (Fig. S8) with a rat anti-HA
antibody (3F10, Roche Applied Science) normalized to p24 as
detected by human anti-HIV immune globulin (AIDS Reagent
Program) (44). For some preparations of virus, a small amount
was surface-biotinylated with sulfo-NHS-LB-Biotin (Thermo
Scientific) before Western blotting with detection by strepta-
vidin-IR680 (LI-COR Biosciences).
Infection of TZM-bl cells (45–48) by HIV pseudoviruses was

performed as described previously (49), and firefly luciferase
activity was measured 2 days postinfection with the BriteLite
reagent (PerkinElmer Life Sciences) in a plate reader (Flex Sta-
tion M5, Molecular Devices). Pelleted HIV pseudovirus prepa-
rations were diluted in Opti-MEM (Gibco) to the same concen-
tration of p24 to ensure equal loading of viral particles. For
infection assays performed with amphotericin B (Bio Basic),
cells were pretreated with 1 mM amphotericin B diluted in
Opti-MEMorOpti-MEM alone for 30min before HIV pseudo-
viruses, diluted in 1 mM amphotericin B in Opti-MEM or Opti-
MEM alone, were added.
For some TIRF experiments, a fluorescent membrane label,

Atto488-DMPE (Millipore–Sigma), was incorporated into the
viral membrane. Atto488-DMPE was dried on the bottom of a
glass test tube to remove chloroform/methanol solvent and
resuspended in buffer HB (20 mM HEPES, 150 mM NaCl (pH
7.4)) to a concentration of 1.8 mg/ml. HIV pseudovirus was
diluted to a concentration of 2 mg/ml, as measured by p24, in
buffer HB and mixed in a 1:3.5 ratio with the dye suspension.
The mixture was incubated at room temperature in the dark
for 2 h on a rotary spinner. To remove free Atto488-DMPE, the
HIV pseudovirus mixture was diluted up to 1.5 ml in buffer HB
and pelleted by spinning at 21,0003 g for 1 h at 4 °C. The viral
pellet was washed in an additional 1.5 ml of buffer HB and pel-
leted again. Atto488-DMPE–labeled HIV pseudoviruses were
used within 24 h. For TIRF experiments with Atto488-DMPE–
labeled virus, the chamber with the SPPM was washed with 3
ml of buffer HB and allowed to equilibrate before pseudovirus
was introduced.

Plasma membrane bleb preparation

Blebs were produced from HeLa cells (ITCC) or HeLa cells
overexpressing CD4 and CCR5 by previously published meth-
ods (8, 9). Briefly, when cells reached 90% confluence, they
were washed twice with blebbing buffer (10 mM HEPES, 150
mM NaCl, 2 mM CaCl2, pH 7.4), and blebbing was induced by
replacing buffer on the cells with 5 ml of 25 mM formaldehyde
(J. T. Baker) and 2mMDTTdiluted in blebbing buffer and incu-
bating the cells at 37 °C, 5% CO2 for 45 min. After 45 min, blebs
were detached from cells by shaking on a radial shaker at room
temperature for 1 h before the supernatant was collected and
cleared of large cell debris by centrifuging at 100 3 g for 10
min. Blebs were pelleted at 20,0003 g for 1 h and washed twice
in blebbing buffer without DTT or formaldehyde. Blebs used
for cryoET were washed and resuspended in blebbing buffer
without calcium and filtered through an 800-nm filter. For
select cryoET experiments, 40 mM inositol hexaphosphate (IP6)
was added to wash and resuspension buffers.
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TIRF-supported lipid bilayer fusion assay

Supported planar plasma membranes derived from blebs
were prepared as described previously (9, 50, 51). Quartz slides
were cleaned in piranha solution (95% H2SO4 and 30% H2O2 in
a 3:1 ratio) and rinsed in 12 liters of deionized water. Next, a
lipid monolayer composed of 4:1 brain phosphatidylcholine and
cholesterol (Avanti Polar Lipids) with 3% 1,2-dimyristoyl-sn-
glycero-3-phosphoethanolamine-PEG3400-triethoxysilane was
deposited on the quartz slide by the Langmuir–Blodgett
method. A chloroform solution of the lipid mixture was applied
to a Nima 611 Langmuir–Blodgett trough, and after letting the
solvent evaporate for 10min, the lipid layer was compressed at a
rate of 10 cm2/min to a pressure of 32 millinewtons/m. A
cleaned, rinsed, and dried quartz slide was rapidly dipped (68
mm/min) and slowly removed (5 mm/min) from the trough and
then dried in a desiccator chamber overnight.
The slide was then assembled into a custom-built micros-

copy flow cell, and plasma membrane blebs diluted in bleb-
bing buffer without DTT or formaldehyde were flowed in to
form the outer leaflet of the supported planar plasma mem-
brane. After 2 h at room temperature, the flow cell was
washed with multiple volumes of blebbing buffer and then
multiple volumes of HME buffer and transferred to a prism-
based TIRF microscope. The sample was excited with a 561-
nm diode laser (OBIS 561 nm LS, Coherent) at an angle of
72° from normal, and emission light was filtered through a
dichroic mirror (DC565, Semrock) and a band-pass filter
(BP605/50, Semrock). For double-labeled (membrane and
content) experiments, the sample was excited with both a
488-nm (OBIS 488 nm LX, Coherent) laser and the 561-nm
laser. Emission light from both labels was filtered by a
dichroic mirror (DC-Di-493/574, Semrock) before the com-
bined light was split into two bands by an optosplit (Opto-
split II, Andor Technology) equipped with a dichroic mirror
(DC562, Semrock) and two band-pass filters (BPS525/50
and BP607/70, Semrock). Video was recorded by an EMCCD
(DV887ESC-BV, Andor Technology) in frame transfer mode
with an exposure time of 0.2 s for 13.3 min as a dilution of
HIV pseudovirus totaling 16 ng of p24 as measured by ELISA
was flowed into the chamber. Laser intensity, shutter, and
camera were controlled by a custom LabView program
(National Instruments).
Intensities of single particles over time were extracted

with a custom-built LabView program and classified as rep-
resenting binding without fusion or binding with fusion
based on the following criteria: a rapid increase in intensity
followed by multiple frames of similar intensity without
translation of the particle more than 4 pixels was classified
as binding. If the intensity of the particle remained the same
for the duration of the acquisition or slowly bleached over
10 s or more, this was considered binding without fusion. If
the intensity of a bound particle decreased to background in
one frame (0.2 s), this was considered an unbinding event. If
the intensity of a bound particle decreased to background
with a characteristic curve as shown in Fig. 1e, it was classi-
fied as binding with fusion.

CryoET of HIV pseudoviruses and membrane blebs

Temperature was used to synchronize HIV membrane
fusion before freezing. HIV pseudovirus particles were mixed
with 10-nm colloidal gold fiducials and CD4- and CCR5-con-
taining membrane blebs in a thin-walled PCR tube on ice for
1 min. The PCR tube was then transferred to a heat block set
at 37 °C for either 10 or 30 s. The HIV/bleb/gold mixture was
rapidly transferred to a C-Flat 2/2-3C or Quantifoil 2/2 grid
(Electron Microscopy Sciences), previously glow-discharged
with amylamine (Sigma), blotted, and frozen in liquid ethane
before storage in liquid nitrogen. To aid the visualization of
viral capsids, 40 mM IP6 (52) was added to the membrane
blebs before freezing for some samples as it is expected to
leak out of blebs (53). The grids were imaged on a Titan Krios
electron microscope operating at 300 kV equipped with a Fal-
con 3 detector and controlled by Tomography 4.0 software
(Thermo Fisher Scientific). Bidirectional tilt series of regions
of interest were acquired with 2° increments from 260
to 160°. Magnification was 329,000, which yielded a pixel
size of 0.288 nm.
Tilt series images were motion corrected with MotionCor2

(54) (53 5 patch for 10 iterations with a tolerance of 0.5), and
tomograms were reconstructed in IMOD (55). High-tilt views
that were obstructed were excluded. Gold fiducials were used
for alignment. Aligned tilt stacks were binned by 4 and back-
projected to create tomograms. To enhance contrast for dis-
play, tomograms were denoised by cryoCARE (56) with the
following parameters: binned by 6; training volumes, 1200;
validation volumes, 120; volume dimensions, 64 3 64 3 64;
training epochs, 200; steps per epoch, 75.

Classification criteria for HIV fusion intermediate structures
shown by cryoET

Receptor-mediated binding—One membraned vesicle must
be;100–150 nm in diameter and show a continuous, medium
density texture inside the membrane; we classify this as a viral
particle. The target membrane vesicle can be any size and must
have a less regular and lower density texture inside. At least one
instance where a dark, linear density extends between viral and
target membranes is required. This distinguishes particles that
may be close by chance from those that are interacting. We did
not distinguish between loose binding or tight binding.
Hemifusion—Using the same definition of viral particle and

target membrane above, hemifusion is defined such that there
is at least one section through a tomogram (binned by 4) where
the densities of the outer lipid leaflets of viral and target mem-
branes are indistinguishable but the curvature of the inner leaf-
let is unchanged.
Early fusion product—There must be only one contiguous

membrane, and it cannot be spherical but rather have some
sort of narrowing. There must be either 1) demarcation of dif-
ferent textures within the volume surrounded by the mem-
brane, 2) clear evidence of viral products like a capsid within
the membrane, or 3) virus-like membrane proteins in a lobe of
;100 nm in diameter.
Late fusion product—There must be only one contiguous

membrane, and it must be approximately spherical without
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focal narrowing. It must be much larger than a virus (.200-nm
diameter). It must have some evidence of viral proteins,
whether that is characteristic Env-like densities in the mem-
brane or virus-like textured density inside.
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