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High-resolution analysis of the human T-cell
leukemia virus capsid protein reveals
insights into immature particle morphology

William G. Arndt 1,2,3,4, Alireza Ramezani 5, Nathaniel Talledge2,3,
Guichuan Yu6,7, Huixin Yang 2,3, Bo Chen 8, Juan R. Perilla 5,
Wei Zhang 2,3,4,7 & Louis M. Mansky 1,2,3,4

Infection with human T-cell leukemia virus type 1 (HTLV-1) can result in adult
T-cell leukemia/lymphoma andHTLV-1 associated-myelopathy/tropical spastic
paraparesis. The Gag polyprotein – themajor structural protein – is crucial for
driving virus particle assembly, with the capsid (CA) domain as the key
determinant for Gag multimerization. Here, we characterize the immature CA
lattice from immature virus particles by using cryo-electron microscopy and
tomography (cryo-EM/ET). We report resolving the immature CA lattice to
3.4 Å resolution by single particle analysis (SPA). Our reconstruction reveals
that the lattice is stabilized through a trimeric NTD inter-hexamer interface
and a dimeric CTD inter-hexamer interface. Further analysis by cryo-ET reveals
clear heterogeneity, notably the varying lattice curvatures and the varying
distances from the CA layer to the membrane. Intriguingly, inositol hexaki-
sphosphate (IP6) is dispensable for HTLV-1 immature particle assembly and
proper immature lattice formation. These observations provide deeper
insights into the molecular basis of HTLV-1 immature particle morphology as
well as aid in revealing therapeutic targets.

Human T-cell leukemia virus type 1 (HTLV-1) is the prototypical del-
taretrovirus, and is the causative agent of an adult T-cell leukemia/
lymphoma (ATLL) and HTLV associated myelopathy/tropical spastic
paraparesis (HAM/TSP)1,2. About 2–6% individuals living with HTLV-1
will develop either disease3,4. Currently, there are no approved ther-
apeutics to prevent or treat the infection. Like human immunodefi-
ciency virus (HIV), HTLV-1 encodes the Gag structural polyprotein that
is required for viral assembly5. The HTLV-1 Gag contains amatrix (MA),
capsid (CA), and nucleocapsid (NC) domain. TheMA domain is critical
for targeting Gag to the plasma membrane, CA is required for Gag
oligomerization by forming the immature CA lattice, and NC packages

the single-stranded RNA viral genome6–8. Unlike HIV, the HTLV-1 Gag
polyprotein does not contain the spacer peptide regions (SP1 and SP2)
or the p6 domain.

The structure of CA proteins among several retroviruses has been
studied, revealing a highly conserved tertiary structure despite a
divergence in the amino acid sequence. The CA tertiary structure
consists of two separate domains—a N-terminal domain (NTD) and a
C-terminal domain (CTD), connected via a flexible linker9–13. Structural
analysis of the immature HIV type 1 (HIV-1) lattice identified a wine-
glass morphology, where the CA-NTD represents the cup of the glass
and the CA-CTD and SP1 represent the stem11,12. The HIV-1 CA-NTD
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supports the hexameric lattice via a trimer interface from helix 2 and a
dimer interface from helix 1, while helix 9 forms the dimer interface in
theCA-CTD12. Similar arrangements for the immature lattice have been
notedwithHIV type 2 (HIV-2)14, equine infectious anemia virus (EIAV)15,
murine leukemia virus (MLV)9, and human endogenous retrovirus K
(HERV-K)16. These immature lattice structures also contain a ring of 6
helices on the C-terminal tail of CA or through a spacer peptide region,
termed the 6-helix bundle (6HB)9,15,16. The HIV-1 6HB functions to sta-
bilize the hexamer of the Gag lattice, can bind to the cofactor inositol
hexakisphosphate (IP6), and serves as the binding site of HIV-1
maturation inhibitors11,14,15,17. Structural characterization of immature
retroviral Gag lattices has largely relied on the use of cryo-electron
tomography (cryo-ET)9,11,15,16,18 rather than single particle analysis
(SPA) due to difficulties from the geometry of the lattice, the proximity
to the membrane, and dampened lattice signal from other viral com-
ponents. In situ single particle analysis of purified virus particles allows
for improved resolution compared to cryo-ET and provides relevant
structural information thatmaynot be present from analysis of in vitro
assemblies (e.g., presence of cellular co-factors)19.

Previous studies have indicated that HTLV-1 immature particles
possess unique morphological features compared to that of retro-
viruses in other genera, implying that deltaretroviruses are distinct in
regards to immature particle morphology. HTLV-1 immature particles
often contain an incomplete Gag lattice with portions of the lattice
deviating from the curvatureof the viralmembrane and appear to have
a flattened lattice20,21. However, to date, a thorough analysis of the
immature HTLV-1 lattice curvature has not been conducted, and it
remains an open question if these observations are artifacts of two-
dimensional imaging. It has been established that the primary driver
for HIV-1 assembly is the CA-CTD and SP1, while the HIV-1 CA-NTD is
dispensable for immature lattice formation22,23. In contrast, previous
studies with HTLV-1 have indicated the opposite—i.e., the CA-NTD is
required for proper lattice formation while mutations in the CA-CTD
led to limited effects on immature lattice formation24–27. HTLV-1 CA-
CTD is not completely dispensable for immature particle production,
as has been observed with the HIV-1 CA-NTD6,25. Recent subtomogram
averaging of HTLV-1-like particles and in vitro assembled helical tubes
showed the CA-NTD forms themajority of the intra-hexamer and inter-
hexamer interfaces, while the CA-CTD forms an inter-hexamer dimer
interface and supplies no intra-hexamer interactions18. However, only
the CA-NTD was resolved to high resolution from the in vitro assem-
blies, whereas the resolution in the CA-CTD was limited due to flex-
ibility. Improving the resolution in the CA-CTD is critical for better
understanding its role in HTLV-1 immature particle assembly, as is
validating the in vitro CA-NTD structure in situ.

Depletion of IP6 from virus-producing cells drastically decreases
viral infectivity for many lentiviruses28,29. Packaging of IP6 into the
immature Gag lattice of HIV-1 particles is coordinated through elec-
trostatic interactions between the highly negatively charged IP6
molecule and two lysine rings formed by K158 and K227 (based upon
CA numbering)28,30,31. Upon virus maturation, IP6 binds to the central
pore of the hexamer in the CA-NTD at the R18 and K25 rings32,33. IP6
promotes proper infectivity by strongly stabilizing the mature HIV-1
core and allowing for efficient reverse transcription32,34. The functional
conservation of IP6 in virus assembly andmaturation among retroviral
genera has not been fully explored. Recently, it was shown that MLV, a
gammaretrovirus, packages IP6 into the immature lattice, albeit at
lower levels than HIV-1. However, unlike HIV-1, MLV infectivity was
more sensitive to IP6 depletion in the target cell rather than the virus-
producing cell29,35. To date, there is currently no knowledge regarding
the role of IP6 in deltaretrovirus particle assembly and maturation.
Such information can provide insights into the evolutionary con-
servation of IP6 in the viral life cycle among retroviral genera.

In this study, we investigated HTLV-1 immature particle mor-
phology through a combination of cryo-electron microscopy and

tomography (cryo-EM/ET) to generate a reconstruction of the assem-
bled immature lattice. The structure of the CA region in the Gag lattice
wasdetermined to 3.4 Å resolution using SPA, the highest resolution of
HTLV-1 immature particles to date, highlighting SPA as a powerful tool
for immature CA lattice determination. Tomography of HTLV-1 parti-
cles highlighted the morphological heterogeneity, corroborating pre-
viously observed phenotypes from two-dimensional analysis of HTLV-1
particles20,21. Furthermore, improved resolution in the CA-CTD and
structure-guided mutagenesis studies allow for identification of resi-
dues in the CA-CTDdimer interface that have a critical role for particle
assembly. Intriguingly, IP6 is found to be dispensable for immature
particle production, despite IP6 enhancing HTLV-1 CA assembly
in vitro and a weak unidentified density in the CA-NTD hexamer pore.
Overall, our observations provide a clear structural basis for previous
reports on the pleomorphic morphology of the HTLV-1 immature Gag
lattice, further expand the understanding of these phenotypes, and
provide evidence implicating that IP6 has a limited role in driving
HTLV-1 immature particle assembly.

Results
Cryo-EM reconstruction of the immature HTLV-1 Gag lattice
ASPA reconstruction of theHTLV-1 immatureCA latticewas generated
from purified HTLV-1 particles by co-expressing only the HTLV-1
structural proteins, Gag and envelope, in HEK293T cells (Fig. 1). As no
HTLV-1 protease is present in the system, the Gag lattice in particles is
trapped in their immature lattice morphology, and no mature cores
are generated. A comparable methodology for SPA has been recently
utilized for analysis of the immature Gag lattice of HIV-214. Particle
picking was expanded to include all lattice regions below the viral
membrane, rather than just the lattice regions tangent to the viral
particle (Fig. 1a). This greatly enhanced the number of particles
included in the reconstruction and increased the diversity of views of
the lattice (Supplementary Fig. 1d), which improved the quality and
resolution of the reconstruction. The reconstructionwas generated by
using six-fold symmetry centered on the central capsid hexamer and
reached a global resolution of 3.4 Å (Supplementary Fig. 1a). Local
resolution calculations revealed higher resolution in the CA-NTD
compared to the CA-CTD, implicating flexibility in the CA-CTD
(Fig. 1d). A 3DFlex refinement36 of the reconstruction depicts the
flexibility in the CA-CTD relative to the CA-NTD that is caused by the
varying curvatures in the immature lattice (Supplementary Movie 1).
The resolution obtained allowed for the generation of a model of the
in situ immature HTLV-1 CA lattice, comprising residues W15 to P207
(CA numbering) (Fig. 1e, f). At low resolution and low contour, a faint
spherical density is observed in the central pore of the CA-NTD hex-
amer (Supplementary Fig. 1e–g).

Morphology of the HTLV-1 immature Gag lattice
The SPA cryo-EM reconstruction revealed the CA region of the Gag
lattice was the best resolved Gag subdomain. The matrix and nucleo-
capsid had densities visible at low resolution within the CA recon-
struction but were unable to be modeled (Supplementary Fig. 1e). The
CA monomers consist of distinct CA-NTD and CA-CTD domains, con-
nected through a flexible linker, like other described immature retro-
viral capsids9,12,15,16. Similar to these other retroviral lattices, the
hexamer lattice is supported by a three-fold interface in the CA-NTD
and a two-fold interface in the CA-CTD (Fig. 2b, d). However, theHTLV-
1 Gag lattice does not adopt the typical wine-glass morphology that
has been described for the other retroviral immature Gag lattices
(Supplementary Movie 2). Rather, the CA-NTD forms a tight pore at
the center of the hexamer, adopting a conformation similar to that of
the CA-NTD seen in mature retroviral CA lattices (Supplementary
Fig. 3a-f)37,38. The root mean square deviation of the backbone for the
best aligned monomer within the central hexamer between the
immatureHTLV-1 CA-NTD and themature bovine leukemia virus (BLV)
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or mature HIV-1 CA-NTD is 1.23 Å and 5.22 Å, respectively. For the
HTLV-1 immature lattice, the CA-NTD provides most of the inter-
hexamer and intra-hexamer interactions (Fig. 2). The CA-NTD tri-
merizes with a three-fold symmetric interface; onemonomer from the
central hexamer forms contacts with two other CA-NTD molecules,
each from adjacent hexamers. This three-fold interface is composed of
three copies of helix 4 packed together with helix 5, adding further
interactions (Fig. 2b, c). The CA-CTD dimerizes with a two-fold sym-
metric interface with an adjacent hexamer’s CA-CTD, involving inter-
molecular contacts from residues on a 310-helix, helix 8, and helix 9
(Fig. 2d–h). Interestingly, there is no significant interface and limited
intermolecular contacts between CA-CTD molecules within the same
hexamer. Further, no analogous 6HB structure was resolved beyond
theCTD (Fig. 1c andSupplementaryFig. 1e). Overall, the architectureof
the immature Gag CA lattice from SPA agrees with recent tomography
approaches using HTLV-1-like particles18.

Mutations in the CTDdimer interface are detrimental to particle
production
Interactions between the CA-NTD trimer interface have been pre-
viously well described for the HTLV-1 immature Gag lattice18,24. How-
ever, flexibility in the CA-CTD has prevented high-resolution
determination of the CA-CTD dimer interface. Furthermore, little is
known regarding the role of the CA-CTD dimer interface in immature
particle production. The total interface area between adjacent CA-CTD
molecules is 1166 Å2. The orientation of the CA-CTDmonomers reveals
that themain interfaces consist of a 310-helix that interacts with helix 8
of the adjacent CA-CTD monomer, symmetric helix 8-helix 8 interac-
tions, and symmetric helix 9-helix 9 interactions (Fig. 2e–h). The
improved resolution in the CA-CTD region allowed for structure-
guided alanine mutagenesis to probe specific residues important for
maintaining this interface and to better understand the role of the CA-
CTD in HTLV-1 assembly. Briefly, WT or mutated HTLV-1 Gag was co-
transfected with HTLV-1 envelope into HEK293T cells. The assembly
efficiency of the mutant was compared to WT by measuring the
amount of virus released into the viral supernatant via an anti-HTLV-1
p24 immunoblot (Fig. 2i). Full length Gag is expected at 47 kDa,

however, smaller bands are commonly seen from HTLV-1 Gag
particles18,39, likely due to non-specific cleavage from host proteases as
the HTLV-1 protease is not present in these experiments. Mutation of
W133 (310-helix) and I168 (helix 8) severely decreased particle pro-
duction, while mutation of L172 (helix 8) decreased particle produc-
tion two-fold (Fig. 2i, j). These observations suggest a hydrophobic
pocket forms between the 310-helix and the top of helix 8, analogous
to the hydrophobic pocket in the HIV-1 CA-CTD11 (Fig. 2e, f). Further
down along helix 8, mutation of S175 drastically diminished particle
production while mutation of Y174 resulted in a two-fold reduction in
immature particle production (Fig. 2i, j). Asymmetric copies of S175
form a network of hydrogen bonds with the backbone carbonyl of
S175 and the hydroxyl of S171 on the adjacent CA monomer (Fig. 2h).
Symmetric copies of Y174 on helix 8 (Fig. 2h) appear to form π-π
stacking interactions to help stabilize the interface, as the Y174A
mutation resulted in a two-fold reduction in immature particle pro-
duction (Fig. 2i, j). The Q182A (helix 9) mutation resulted in greater
than a two-fold reduction in particle production (Fig. 2i, j). Q182
appears to form hydrogen bonds with residues Y174 and Q186 on the
adjacent monomer (Fig. 2h).

Other noted residues that are not included in the shown immu-
noblot and quantification (Fig. 2h–j) include S171 (helix 8), K179 (helix
9), and Q186 (helix 9). As previously mentioned, residue S171 is part of
the extensive hydrogen bonding network with S175, supplying S171-
S171 and S171-S175 interactions (Fig. 2h). Residue K179 is predicted to
form hydrogen bonding to the backbone carbonyl of residue Q186
(Fig. 2h). Lastly, Q186 is predicted to form hydrogen bonding with the
adjacent Q186 or Q182 residues (Fig. 2h). However, mutation at these
residues did not significantly reduce particle production (Supple-
mentary Fig. 4).

Cryo-ET reveals incomplete and heterogeneous immature Gag
lattice morphologies
Previously, we observed HTLV-1 particles with a heterogeneous and
incomplete Gag lattice based on transmission electron microscopy20,21.
Specifically, it was noted that regions of the Gag lattice had varying
curvatures within the same particle and often had flattened patches.

Fig. 1 | Reconstruction of the HTLV-1 immature Gag lattice. a Representative
HTLV-1 immature particles. Shown are two representative HTLV-1 immature parti-
cles from the cryo-EMdataset, where the red circles represent a simplifiedmodel of
the particle picking scheme, highlighting all regions of the Gag lattice used in the
reconstruction. Scale bar, 50nm. b Single particle reconstruction. Shown is the top
view of the single particle lattice reconstruction for HTLV-1 Gag. The map was
locally sharpened using deepEMhancer57. c Side view of the immature Gag lattice.

The CA-NTD and CA-CTD are colored as blue and gold, respectively. d Local
resolution estimates. Shown is a cross-section through the central CA hexamer. The
density is colored by the local resolution estimate. e Annotated side views of the
modeled HTLV-1 CA regions. Shown is a modeled region of a CA monomer with
annotated helices. The CA-NTD and CA-CTD are colored in blue and gold, respec-
tively. f Helix model fitting into the cryo-EM density. Shown is helix 4, highlighting
the agreement of the fitted model into the density.
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Furthermore, these flattened regions were found to coincide with larger
gaps between the viral membrane and the CA region of the Gag
lattice20,21. To better understand these features of the HTLV-1 lattice in
three-dimensions, we utilized cryo-ET to map individual CA hexamer
positions within the Gag lattice (Fig. 3a–e). Iterative rounds of particle
alignment and symmetry expansion were conducted to determine
accurate hexamer positions, poorly alignedparticleswere removed after
each round. The iterative approach provides us with good confidence

that the gaps noted in the lattice are real. Based on the derived coor-
dinates and angles of the CA hexamers, the local mean curvature was
estimated based on neighboring hexamers. As expected, the local cur-
vature estimates varied significantly, even within the same virus particle,
with radii ranging from 28nm to 75nm (Fig. 3c, e). The average distance
between individual hexamers to the membrane was determined to be
16.3 ± 2.49nm. Measurements were conducted from the top of the CA-
NTD to the outer layer of the viral membrane. The distribution was

Fig. 2 | Organization and interfaces of the HTLV-1 immature Gag lattice. a Top
view of the immature lattice. The density of the CA-NTD in the central hexamer is
colored blue; the CA-CTD is colored gold. b Fitting of the CA-NTD from seven
hexamers. The blue dashed box highlights the CA-NTD trimer inter-hexamer
interface. cDetailed view of the CA-NTD trimer interface boxed in (b), showing the
helix 4 and helix 5 interactions. d Fitting of the CA-CTD from seven hexamers. The
gold dashedbox highlights the dimer inter-hexamer interface.e Shown is a detailed
top viewof theCA-CTDdimer inter-hexamer interface boxed in (c), highlighting the
interactions between the 310 helix, helix 8, and helix 9. f Detailed view of (e),
highlighting the hydrophobic pocket formed from amino acid residuesW133, I168,
and L172. g Rotated view of (e), highlighting the interactions between helix 8 and

helix 9. h Detailed view of (g), highlighting the interactions between residues S171,
Y174, S175, K179, Q182, and Q186 on helix 8 and 9. The dashed lines represent
predicted hydrogen bonds. i A representative immunoblot from three-
independent experiments of immature particle production from mutations at
residues highlighted in (f) and (h). Particle production was measured via Gag
released into the cell culture supernatant. j Immunoblot quantification of (i)
representing virus release efficiency. Quantification was from the three-
independent replicates, and the significance was determined relative to WT by
using an unpaired two-sided t-test. **, P <0.001; *, P <0.05. Error bars represent the
standard error of the mean (SEM). The exact p values are: W133A <0.0001,
I168A<0.0001, L172A=0.0099, Y174A=0.0026, S175A<0.0001, Q182A =0.023.
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slightly skewed to the right, likely representing the patches of lattice that
visibly appear further from themembrane (Fig. 3f). The identification of
lattice positions allowed for a 7.9Å resolution determination via sub-
tomogram averaging (Figs. 3g and S1b). The subtomogram averaging
reconstruction is similar to that of the SPA reconstruction (Fig. 3g),
providing confidence in the accuracy of the curvature and the distance
analysis.

IP6 is dispensable for immature HTLV-1 particle production and
lattice formation
As noted, a faint spherical density was observed in the central pore of
the CA-NTD hexamer, which is a similar location to the binding site of
IP6 in the mature HIV-1 lattice (Fig. 4a). The density disappears fol-
lowingmap sharpening and is only present in lowpass filtered maps at
low contour (Figs. 4a and S1e–g). The density is weak compared to the
CA protein regions (Supplementary Fig. 1f, g) and to the IP6 density
seen in other retroviral immature CA reconstructions fromcell derived
immature particles11,14. However, the density is present in adjacent
hexamers off the symmetry axis, implying that it is not an artifact from
the imposedC6 symmetry (Fig. 4a). Similarly, thedensity is present in a
non-symmetric reconstruction and varies at different hexamer center
positions, suggesting not every hexamer binding site is occupied by

thedensity or there isflexibility in the location (Supplementary Fig. 1e).
Given the density is near a ring of lysines, K18, and the established role
for IP6 as an important co-factor for lentiviral particle assembly, we
performed amolecular dynamics simulation of HTLV-1 in the presence
of IP6 to better understand the capacity of HTLV-1 to interact with IP6
(Fig. 4b). Interestingly, we observed IP6 can be highly coordinated by
R13 and K18 (Fig. 4b). Residue R13 had not been previously modeled
from our reconstruction (Fig. 1e). To test the ability of HTLV-1 CA to
utilize IP6 or other polyanions for assembly, we used an in vitro
assembly assay of purified HTLV-1 CA39. IP6 and mellitic acid greatly
enhanced CA assembly, as noted by the increasing proportion of CA in
the pellet fraction at increasing concentrations of the polyanion
(Fig. 4c). The CA protein in the pellet fraction was confirmed to form
ordered assemblies via negative stain transmission electron micro-
scopy, by either forming helical tubes with the addition of IP6 or
crystal sheets with addition ofmellitic acid (Fig. 4e). The proportion of
CA in the pellet fraction did not increase with the addition of sodium
phosphate or dNTPs, suggesting they are unable to stimulate HTLV-1
CA assembly in vitro (Fig. 4c). Mutagenesis of R13 and K18 was con-
ducted to test their predicted role in coordinating IP6. Indeed,
the amount of CA recovered in the pellet was greatly diminished for
the R13A and K18A single mutations compared to WT and required

Fig. 3 | Tomographic analysis and subtomogram averaging of the HTLV-1 Gag
lattice. a Two-dimensional tomogram z-slices. Shown is a two-dimensional z-slice
of different particles from three tomograms (z-slice, 6.81 nm). Scale bar, 50nm.
b Gag CA domain hexamer model. Shown is a model of Gag CA domain hexamers
present in the tomogram in (a). The colors are based on the cross-correlation
score for each hexamer to the reference map. c Local curvature estimates. The
mean local curvature estimates of each individual hexamer from (b) are indicated.
The color of each hexamer represents the mean local curvature of the CA lattice in
that region. Red represents a higher curvaturewhile blue represents less curvature.

d Rotated view cross-correlation. Shown is the rotated view of (b) with the cross-
correlation indicated. e Rotated view of local curvature. Shown is the rotated view
of (c) with the local curvature indicated. f CA to membrane measurements. The
histogram shows the distance from the top of the CA-NTD to the outer edge of the
membrane for each identified hexamer location. The average distance was
16.3 ± 2.49nm, n = 4515. g Subtomogram averaging reconstruction. The top and
side view of the subtomogram averaging reconstruction at 7.9 Å resolution. The
CA-NTD is shown in blue, and the CA-CTD is shown in gold.
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higher concentration of IP6 (Fig. 4d). The R13A and K18A single
mutants maintained their ability to assemble into ordered helical
tubes, but only at 250 µM IP6 (Fig. 4e). Mutation of both R13A/K18A
resulted in no CA recovered in the pellet for all IP6 concentrations
tested (Fig. 4d). Furthermore, no ordered assemblies were seen for
R13A/K18A via negative stain at 250 µM IP6, suggesting a loss of
binding (Fig. 4e).

The heterogeneity of the helical tubes, specifically their pre-
ference to form multiple layers and aggregate together (Fig. 4e), pre-
vented structure determination to validate the binding site of IP6. A
low resolution subtomogramaveraging reconstructionwas conducted
on a CA A94K mutation that preferentially formed microcrystals with
addition of 250 µM IP6 (Supplementary Fig. 5). A strong density is
apparent at the center of the CA-NTD pore, consistent with the

Fig. 4 | Effect of IP6 on HTLV-1 CA assembly. a Top view of the central hexamer
model fitted into a lower resolution and unsharpened density. The red boxes
highlight the small density present at the center of each hexamer. b Molecular
dynamics simulationofHTLV-1 CAcoordinating IP6. Six copiesofR13 andK18 in the
CA-NTD can coordinate IP6. The central pore density from (a) is shown for the
placement of IP6 in the simulation. c, d In vitro HTLV-1 CA assembly assay. Shown
are SDS-PAGE analysis of purified HTLV-1 CA after the addition of IP6 or different
polyanion at varying concentrations to WT CA or predicted IP6 binding mutants.
The gels are representative from three-independent experiments e Negative stain
TEM. Shown are representative negative stain TEMmicrographs fromone replicate
of the resuspended pellet from the corresponding polyanion type, polyanion
concentration, andHTLV-1 CA type from (c) to (d). Scale bar, 200 nm. f Immunoblot
analysis of immature particle production. Cell culture supernatants from cells

producing immature HTLV-1 or HIV-1 particles were analyzed by immunoblot,
shown is one representative blot from three-independent experiments. Particle
production was compared between WT 293T and IP6-depleted cells.
g Quantification of the immunoblot analysis from (f) was done from three-
independent replicates, and the significance was determined using an unpaired
two-sided t-test by comparing particle production from the IP6-depleted cells to
that fromWTcells for each virus. *, P <0.001. The error bars represent the standard
error of the mean (SEM). The exact p-values are: HIV-1 IPPK KO=0.0005 and HIV-1
IPMK KO<0.0001. h Immature particle morphology. Cryo-EM micrographs of
immature HTLV-1 particles purified from IPPK KO cells that were co-transfected
with the expression plasmid encoding theMINPP1 phosphatase. Scale bar, 100 nm.
Micrographs are representative images from one purification.
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predicted IP6 binding site (Supplementary Fig. 5c). The immature CA-
NTD structure can fit well into this reconstruction, providing evidence
that the in vitro assemblies form the immature lattice and that IP6 can
bind to the immature structure (Supplementary Fig. 5c).

Given the role of IP6 in the HIV-1 life cycle, the ability of IP6 to
enhance HTLV-1 CA assembly in vitro, and the small density in the
reconstruction, experiments were conducted to test if IP6 has a role in
HTLV-1 immature particle assembly. To do this, a previously reported
293T cell line with knockout of either inositol pentakisphosphate
2-kinase (IPPK KO) or inositol polyphosphate kinase (IPMK KO) was
used to produce particles28,29. IPPK is responsible for converting IP5 to
IP6, while IPMK is responsible for converting IP4 to IP5 and IP5 to IP6.
Transient overexpression of the multiple inositol polyphosphate 1
(MINPP1)—which converts IP6 to IP5, IP5 to IP4, and IP4 to IP3—
enhances IP6 and IP5 depletion in both IPPK and IPMK KO cells40.
HTLV-1 Gag and envelope were co-transfected with an empty vector
into the WT control 293T cells or co-transfected with MINPP1 into
either the IPPK or the IPMKKO cell lines. Co-transfection of the KO cell
lines with HIV-1 Gag and envelope was selected to use as a control,
based upon reports that IP6 depletion decreased immature particle
production28,29,40. As expected, there was a reduction in HIV-1 imma-
ture particle production in both the IPPK KO and IPMK KO cells
overexpressing MINPP1 compared to that of WT control 293T cells,
measured by the amount of p24 capsid protein released into the cell
culture supernatant (Fig. 4f, g). Intriguingly, there was no significant
difference in the immature HTLV-1 particle production between the
293T WT cells and the IPPK KO and IPMK KO cells transiently over-
expressing MINPP1 (Fig. 4f, g). This observation provides evidence in
support of the conclusion that IP6 is not required for immatureHTLV-1
particle assembly. To confirm whether HTLV-1 particles produced in
IP6-depleted cells formed a WT particle morphology, particles were
purified from IPPK KO cells overexpressing MINPP1 and then analyzed
by cryo-EM (Fig. 4h). Analysis of particle morphology revealed a WT
Gag lattice with no morphological defects, providing further support
of the conclusion that IP6 depletion does not impact HTLV-1 particle
assembly or Gag lattice morphology.

Discussion
Comparative analysis of the HTLV-1 and HIV-1 immature lattice archi-
tectures canprovide insights into themolecular determinants for their
morphological differences. Despite the large organizational differ-
ences in the HTLV-1 and HIV-1 lattice, the tertiary structures are well
conserved, with the lattice structure being composed of a three-fold
interface in the CA-NTD and a two-fold interface in the CA-CTD11,14,15.
However, HIV-1 and other lentiviruses are predominantly stabilized via
a hydrophobic inter-hexamer CA-CTD dimer interface and strong
intra-hexamer interactions via the 6HB11,14,15. HIV-1 also contains both
intra- and inter-hexamer interactionswithin theCA-NTD11. UnlikeHIV-1,
HTLV-1 lacks a 6HB, and there are no intra-hexamer CA-CTD interac-
tions (Figs. 1c and 2d), resulting in the hexamer only being stabilized
via the CA-NTD (Fig. 2b). The HTLV-1 CA-NTD organization mimics the
organization seen in the mature CA structure (Supplementary
Fig. 3a–f), where the CA-NTD is the only domain stabilizing the hex-
amer structure41. During theHIV-1 lifecycle, IP6 has an important role in
stabilizing the immature and mature hexamer structures by neu-
tralizing the strong positive charge in the central pore28,30–33,40. IP6 is
packaged in the 6HB of the immature HIV-1 lattice (K158 and K227),
then shifts to the central pore of the CA-NTD following maturation
(K18 andK25)30,32,33. Given that theHTLV-1 immature lattice lacks a 6HB
and the immature CA-NTD functions like a mature CA-NTD, any
packaging of IP6 in the immature HTLV-1 lattice would likely be
coordinated by amino acid residues in the CA-NTD to stabilize the
hexamer structure.

IP6 has been shown to be critical for lentiviral assembly, matura-
tion, and infectivity30–34,40. Surprisingly, depletion of IP6 in cells did not

impact HTLV-1 immature particle assembly and lattice morphology,
despite both the presence of a small density at the center of the CA
hexamer as well as the ability of IP6 to significantly enhance assembly
of purified HTLV-1 CA in vitro (Fig. 4). It is interesting to note that
immature particles produced by MLV, a gammaretrovirus, package
less IP6 thanHIV-135. However, IP6was found to be critical forMLV core
stabilization, proper reverse transcription during infection, and was
more sensitive to IP6 levels in target cells than in virus-producing cells.
These observations were hypothesized to be due to the mature MLV
core partially disassembling in the cytosol, which would result in the
release of any packaged IP635. Given HTLV-1 has a polyhedral mature
core rather than a fullerene cone42, it is possible that HTLV-1 may also
be more reliant on IP6 from the target cell rather than the virus-
producing cell, resulting in lower levels of IP6 being packaged in the
immature particles. This would help explain the weak density in the
reconstruction and the HTLV-1 immature lattice beingmore adaptable
to the depletion of cellular IP6 compared to that of HIV-1, while still
maintaining IP6 sensitivity in vitro. Therefore, while we have shown
that IP6 is not essential for HTLV-1 immature particle production and
lattice formation, a potential role of IP6 or another polyanion in
maturation and infectious particle production remains an open ques-
tion. Further studies are therefore warranted to understand the role of
IP6 in virus maturation and infectious particle production.

One outstanding question that remains is why IP6 has such a
strong effect on CA assembly in vitro but is not required for immature
particle assembly and release. One possible explanation for this may
involve the role of NC in promoting HTLV-1 Gag oligomerization.
Previous in vitro assembly studies of HTLV-1 CA helical tubes were
done in the absence of IP6, but in thepresenceofNCandnucleic acid18.
In the absence of nucleic acid binding to NC to promote assembly,
HTLV-1 CA may require higher levels of IP6 to nucleate assembly.

The combination of high-resolution SPA and tomographic map-
ping of the HTLV-1 immature lattice provides an explanation for the
striking heterogeneity observed in the immature lattice. The large
variations seen in the local curvature from the tomographic analysis
(Fig. 3c, e) along with previous reports of flattened regions of the
lattice21 are likely a functional consequence of the HTLV-1 immature
lattice having only intra-hexamer interactions in the CA-NTD and not
the CA-CTD. The SPA flexible refinement depicts the CA-NTD acting as
a hinge point, with the CA-CTD dimers being free to move indepen-
dently of each other based upon on the local curvature of the lattice
(Supplementary Movie 1). More discontinuity in the lattice, compared
to that of other immature retroviral lattices9,14,43, is likely required in
order to accommodate these large variations in local curvature in the
absence of CA pentamers. However, understanding the varying dis-
tances between the viral membrane and CA lattice requires further
investigation. A potential explanation for varying distance measure-
ments could be a consequence of the unstructured regions of the
HTLV-1 MA domain of Gag. While both the HTLV-1 and HIV-1 MA
domain are similar in size (130 and 132 amino acids, respectively), the
HIV-1 MA has a helical structure until residue K11444, while the helical
structure of theHTLV-1MAends at residueQ9145. Therefore, the longer
unstructured C-terminal tail of the HTLV-1MA protein domain relative
to the HIV-1 MA may accommodate both the exaggerated and het-
erogeneous distance between the viral membrane and the CA lattice.

Previous mutational and structural studies have implicated that
the HTLV-1 immature Gag lattice is stabilized by the CA-NTD, in con-
trast from that of other retroviruses that are predominantly stabilized
by theCA-CTD18,24,26,27. Our structuralmodel provides insights that help
to explain the results from previous chimeric Gag studies, which
indicated that the HIV-1 CA-NTD could not functionally replace the
HTLV-1 CA-NTD and the HTLV-1 CA-CTD could not replace the HIV-1
CA-CTD25. The observations support the conclusion that without
strong intra-hexamer interactions from the HTLV-1 CA-NTD, the HTLV-
1 CA-CTD canonly formdimers and not progress to higher-ordered CA
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assemblies. Despite this, the HTLV-1 CA-CTD is not dispensable for
immature particle production25 as demonstrated by our targeted
mutagenesis of the CA-CTD dimer interface (Fig. 2d–j). Analysis of the
HIV-1Gag lattice implies that the lattice grows fromGagdimers46. If the
HTLV-1 lattice is assembled in a similar manner, this would provide
important evidence that the CA-CTD dimer interface is more impor-
tant for initial lattice formation by Gag dimerization rather than sta-
bilizing the lattice. However, more intensive investigation is needed to
fully understand the role of the HTLV-1 CA-CTD in assembly of the
HTLV-1 immature lattice, which will be aided by the high-resolution
model generated of the CA-CTD dimer interface in the present study.

Comparative analysis between the immature and mature CA
structures can provide important insights into the process of virus
maturation. The organization of the HTLV-1 immature lattice, specifi-
cally the lack of a 6HB and the immature CA-NTD adopting a mature-
like conformation, implies that HTLV-1 may undergo a distinct
maturation process. The mature-like organization of the CA-NTD may
be an indication that it undergoes little structural re-organization
during maturation, which is in stark contrast to the large CA-NTD
structural alterations duringHIV-1maturation. Some rearrangement of
the HTLV-1 CA-NTD would be required as the immature NTD-NTD
interactions would interfere with the NTD-CTD interactions observed
in other mature lattices9,38,41,47. Additionally, the HTLV-1 immature CA-
CTD dimer interface has a distinct orientation from that of the mature
BLV CA-CTD dimer interface observed in the crystal structure38 (Sup-
plementary Fig. 3g-i). It is important to note that the HIV-1 6HB is
critical for stabilizing the immature lattice and is the target of
maturation inhibitors11,48–50. In the absence of a 6HB, it is unclear what
prevents the immature HTLV-1 CA-CTD dimer interface from rearran-
ging into the conformation observed in the mature BLV CA crystal
structure. Directly below the HTLV-1 CA-CTD density, a faint density is
observed that likely corresponds to the NC protein (Supplementary
Fig. 1d). Interactions between the HTLV-1 CA-CTD and NC or a slightly
ordered NC arrangement may help to keep the CA-CTD in the
observed immature conformation.

Recent tomographic analysis of immature HTLV-1 particles
determined structures of the CA-NTD to 5.9 Å resolution and the CA-
CTD to 6.2 Å resolution18. Furthermore, a structure of the CA-NTD was
determined to 3.4 Å from in vitro assembled helical tubes, but the CA-
CTD was unable to be resolved to high-resolution18. Importantly, our
use of SPA with immature HTLV-1 particles allowed for an improved
resolution to 3.4 Å globally, with local resolution of 3.2–3.4 Å in theCA-
NTD and local resolution of 3.4–4Å in the CA-CTD (Fig. 1d and Sup-
plementary Fig. 1a). This represents the highest resolution reported to
date for the CA-CTD and helps provide a structural basis for how the
flexibility results in either the curved orflattened latticemorphologies.
The improved resolution in the CA-CTDhas also confirmed the role for
the CA-CTD in immature particle assembly, along with the identifica-
tion of residues critical for stabilizing the dimer interface. Taken
together, these observations advance our knowledge of the pleo-
morphic nature of HTLV-1 particle morphology as well as aid in
revealing therapeutic targets.

Methods
Immature viral particle production and purification
An expression plasmid encoding the HTLV-1 Gag gene (HTLV-1 Gag
pN3 vector) was co-transfected with an expression plasmid for the
HTLV-1 envelope gene into HEK293T/17 cells (ATCC - CRL 3216) using
GenJet Ver. II (SignaGen Laboratories, MD). The transfection ratio was
at a 10:1 mass of the Gag:envelope expression plasmids. The super-
natant was collected 48 h post-transfection, spun at 1000 RCF for
5min., then passed through at 0.22 µm filter. The particles were pur-
ified following a previously described protocol14. Briefly, supernatant
was pelleted over an 8% (v/v) Optiprep cushion in STE buffer (100mM
NaCl, 10mM Tris-Cl, pH 7.4, 1mM EDTA). The sample was spun at

111,338 RCF for 100min. in a 50.2 Ti rotor (Beckman Coulter, CA). The
resulting pellet was resuspended in STE and loaded over a 10, 20, 30%
(v/v) OptiPrep gradient for 3 h at 191,986 RCF in a SW55 Ti rotor
(Beckman Coulter, CA). A band between the 20 and 30% (v/v) steps in
the gradient was extracted and pelleted with a 1 h spin at 151,693 RCF
and resuspended STE.

Immature virus particle production, western blot, and
quantification
To create the HTLV-1 CA-CTD site-directed mutants, mutations were
engineered into the HTLV-1 Gag pN3 vector by using the Gibson
Assembly® protocol (New England Biolabs, MA). Mutant orWTHTLV-1
or HIV-1 Gag expression plasmids were co-transfected with the corre-
spondingHTLV-1 orHIV-1 envelope expressionplasmids at amass ratio
of 10:1 (gag:env expression plasmids) into a single 10 cmplate of either
WT HEK293T/17 (ATCC - CRL 3216), IPPK, or IPMK cells. For the IP6
depletion assay, a MINPP1 expression or empty vector was co-
transfected with the Gag:Env expression plasmids. The IPPK and
IPMK KO cells, along with the MINPP1 expression vector, were kindly
provided by Dr. Eric O. Freed (NCI-Frederick). The supernatant was
collected 48 h post transfection, spun at 1000 RCF for 5min. and fil-
tered through a 0.22 µm filter. Virus particles were pelleted over an 8%
(v/v) OptiPrep cushion in STE buffer at 111,338 RCF for 100min. in a
50.2Ti rotor (BeckmanCoulter, CA). Thepelletwas resuspended in STE
buffer, then pelleted oncemore at 16,000RCF for 1 h and resuspended
in 20 µL STE. The transfected HEK293T/17 cells were collected and
lysed with CelLyticMTM (Sigma-Aldrich, MO) with the addition of a
protease inhibitor cocktail (cOmpleteTM Proease Inhibitor Cocktail,
Sigma-Aldrich, MO). The lysate was incubated at 4 °C on a rocking
platform and then centrifuged for 30min at 16,000 RCF. The super-
natant and lysate were run on an SDS-PAGE gel for 45min. and then
transferred to a nitrocellulose membrane for 1 h at 100 v. Membranes
were blocked overnight with 5% milk (w/v) in TBST. Blots were incu-
bated with 1:2000 anti-HTLV-1 p24 antibody (6G9, Santa Cruz) or anti-
HIV-1 p24 antibody (24-4, Santa Cruz), washed 5x for 3min. each in
TBST, then incubated with 1:2000 anti-mouse IgG StarBrightTM Blue
700 (Bio-Rad, CA). Lysate loading was normalized to GAPDH by addi-
tion of 1:1000 anti-gapdh hFABTM rhodamine (Bio-Rad, CA). HTLV-1
p24 signal in the lysate and supernatant was quantified with Fiji ImageJ
gel analysis. The supernatant signal was double normalized to the
lysate p24 and GAPDH signal.

HTLV-1 CA purification
The HTLV-1 CA protein (Gag amino acids 132–349) was purified using
the protocol previously described39. Mutations were engineered into
the vector using theGibsonAssembly® protocol (NewEnglandBiolabs,
MA). Briefly, transformed BL21 cells were grown overnight at 37 °C in
ZY auto-induction media. The cells were harvested by centrifugation
and resuspended in lysis buffer (250mM NaCl, 50mM Tris, pH 8) and
stored at −80 °C until used. The resuspended cells were lysed by the
addition of 10mg of lysozyme and incubated on ice for 30min. The
lysate was sonicated for three, 10-min cycles at 40% amplitude (QSO-
NICA, Q500). The lysate was clarified by centrifugation at 12,000 RCF
for 30min, and the supernatant was added to equilibrated NI-NTA
beads (Ni Sepharose High Performance, Cytiva, MA). The lysate
supernatant was incubated overnight at 4 °C on a rocking platform.
Unbound lysate was allowed to flow through the Ni-NTA beads. The
beads were washed with 30mL of lysate buffer followed by 30mL of
wash buffer 2 (250mMNaCl, 50mMTris, 25mM imidazole, pH 8). The
bound protein was eluted by addition of 5mL elution buffer (250mM
NaCl, 50mM Tris, 500mM imidazole, pH 8). The eluted protein was
dialyzed overnight at 4 °C in cleavage buffer (250mM NaCl, 50mM
Tris, 1mMDTT, pH8) and the 6xHis SUMO tagwas cleaved by addition
of house made Ulp1 protease. The cleaved protein was run over a Ni
column (HisTrap HP 1mL, Cytiva,MA) to separate the 6xHis SUMO tag
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from the HTLV-1 CA. Fractions containing the purified CA protein were
concentrated to 10mg/mL and flash frozen until use.

HTLV-1 CA in vitro assembly
Purified protein was diluted to 100μM and dialyzed (PierceTM Slide A
Lyzer ® Mini Dialysis Units, Thermo Fisher, MA) into assembly buffer
(50mMNaCl, 50mMMES, pH6.5)overnight at4 °C. Followingdialysis,
different concentrations of polyanions were added (IP6, mellitic acid,
dNTP, or sodium phosphate) to initiate assembly. The protein was
incubated at room temperature for 2 h and then spun at 10,000 RCF
for 10min to separate the assembled CA from the soluble CA. For the
SDS-PAGE analysis, an aliquot was taken prior to centrifugation to
serve as the total input. The pellet was resuspended in fresh assembly
buffer with the corresponding polyanion.

Negative stain transmission electron microscopy
Carbon support film on square copper grids (CF300-CU-50, Electron
Microscopy Sciences) was glow discharged for 30 s at 10mA, and 3μL
of fresh HTLV-1 CA assemblies were applied. The grids were incubated
for 2min, blotted, washed 3 times in 2% uranyl acetate, blotted, incu-
bated for 2min. in 2% uranyl acetate, and blotted once more. Grids
were imaged at 120 keV in a FEI Tecnai Spirit Bio-Twin transmission
electron microscope.

Transmission electron microscopy (TEM) preparation
Quantifoil® R 2/1 200meshTEMgrids were glow-discharged for 30 s at
10mA. Frozen gridswere prepared in a Leica EMGP2 automatic plunge
freezerwith 3.5 µLof concentrated sample. The samplewas blotted at a
range of different times with Whatman 1 filter paper (CAT #1001-070
Cytiva, MA) and plunged into liquid ethane. Ice and sample quality
were screened on a FEI TF30 transmission electron microscope (FEI
Company, Hillsboro, OR).

HTLV-1 single particle analysis data collection and image
reconstruction
Movies were collected at the National Cancer Institute Cryo-EM Facility
at the Frederick National Laboratory on a Thermo Fisher Titan Krios and
Gatan K2 camera (Supplementary Table 1). Movies were motion cor-
rected and binned by 2 (1.32Å/pixel) using RELION-4.0 implementation
of MotionCor251. Contrast transfer function (CTF) information was
determined using CTFFIND452. All processing was conducted using
RELION-4.053,54 and RELION-5.055. See (Supplementary Fig. 2) for a
detailed schematic of the processing pipeline. An initial subset of par-
ticles was picked from a randomly selected 50 micrographs. The
extracted particles were subjected to 2D class averaging, and good
classes were saved. The saved classes were used for Topaz auto-
picking56, resulting in 2.5million particles. Particles were extractedwith a
box size of 128 pixels, corresponding to 338Å. The following particle list
was aligned with C6 symmetry to an initial reference generated from
the cryo-ET and subtomogramaveraging procedure (Fig. 3g). Successive
rounds of RELION-4.0 3D classification with image alignment resulted in
a final particle set of 140,020. Two rounds of CTF correction were
implemented in RELION-4.0 (anisotropic magnification, beamtilt, and
per-particle defocus estimates), followed by 3D auto-refine. Next, two
rounds of Bayesian polishing were conducted in RELION-4.0 along with
new per-particle defocus estimates and a new 3D auto-refine. Finally, a
3D auto-refine in RELION-5.055 with blush regularization followed by a
final Bayesian polishing step and per-particle defocus estimate resulted
in the 3.4Å reconstruction map. Finally, the map was locally sharpened
using the highRes model from DeepEMhancer57.

Real-space refinement of HTLV-1 Gag CA model based upon the
cryo-EM density map
A specialized cryo-EM real-space refinement protocol was developed
for the present work (Supplementary Fig. 6). First, we derived de-novo

structures of the HTLV-1 Gag131-344 (HTLV-1 CA1-214)
58 using

alphaColab59,60. The alphaColab predicted CA-NTD, and obtained CA-
CTD dimer18 were docked separately into the cryo-EM density map
(Supplementary Fig. 7a) using ChimeraX61. Then, a model containing a
CA hexamer and its immediate neighbors was achieved by rigid body
docking of the model derived in the previous step (Supplementary
Fig. 7b). Later, the CA-N terminus, CA-C terminus, and flexible linker
were regenerated by homology modeling using Rosetta (Supplemen-
tary Fig. 7c, d)62–65. Local rebuilding procedures were performed using
CartesianSampler in Rosetta to improve the quality of the model fitted
to the density. Next, the model was iteratively refined by applying
FastRelax66–68 protocol to the residues with low local-cross correlation
(LCC), and poor MolProbity69–72 score utilizing supervised and unsu-
pervised protein refinement tools, respectively (Supplementary
Fig. 7e). A neutralized-solvated system, containing 18 HTLV-1 CA
monomers, ions, and water molecules, was achieved following the
procedure described in Perilla et al.73. A symmetrical MDFF simulation,
followed by minimization with conjugate gradient algorithm were
performed using NAMD3.0.174,75.

A separate model without IP6 was further refined by docking
threeCAmonomers into the three-fold hexamer interface of theHTLV-
1 CA lattice. One round of Phenix Real Space Refine was performed,
followed by manual inspection and adjustments in the UCSF
ChimeraX61 plugin ISOLDE76. This was followed by a final round of
Phenix Real Space Refine.

Fitting of the resulting models to the cryo-EM density was exam-
ined quantitatively by calculating the local cross correlation between
the simulated density of the model and the cryo-EM density map, and
separately by calculating the per-atom Q-score (Supplementary Fig. 8
and Supplementary Fig. 9).

Tomography data collection, tomogram reconstruction, and
subtomogram averaging
Samples were mixed with 10 nm gold beads prior to plunge freezing.
The tilt series were collected at the National Cancer Institute Cryo-
EM Facility at the Frederick National Laboratory on a Titan Krios
using a K3 camera with a pixel size of 1.42 Å (Supplementary Table 2).
Frames were motion corrected using MotionCor251. Tomogram
reconstruction was performed in IMOD77, and CTF corrected using
outputs from CTFFIND452. Reconstructed tomograms were imported
to Dynamo78, and hexamer positions were identified following the
described protocol for HIV-1 Gag lattice reconstruction79. Briefly,
viral particles were estimated using a dipole model, and a coordinate
was placed every ~300 Å. An initial reference was generated directly
from 4x binned extracted subtomograms (64 pixel, 363 Å3) using
orientations based on the spherical model. Subtomograms from one
tomogram were aligned to the reference, and the six-fold (C6) sym-
metry of the central hexamer was manually determined. The entire
subtomogram set was refined against the symmetrized reference
using C6 symmetry. Following alignment, hexamer positions were
filtered per tomogram based on the cross-correlation value in the
Dynamo table file. New hexamer positions were added using sym-
metry expansion based on the parameters of the lattice. Iterations of
particle refinement, particle filtering, and symmetry expansion were
conducted until there was no improvement in the particle locations.
A custom MATLAB program was made to determine the principal
local Gag curvatures and to determine the distance from the capsid
layer to the membrane outer surface. Cross-correlation filtered
coordinates were imported into RELION-4.054 for subtomogram
averaging. Briefly, the imported coordinates were used to make an
ab-initio model from 4x binned pseudo-subtomograms (64 pixel,
363 Å3) and used as a reference for an initial refinement. A 3D clas-
sification was performed with alignment, and the good classes were
kept for refinement at 2x binning (128 pixels, 363 Å3) and finally 1x
binning (256 pixels, 363 Å3).
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Statistical analysis
Western blot quantification was performed by using Fiji ImageJ. Band
intensity valueswere averaged, and the standarderror of themeanwas
determined. Significance and p values were determined by using the
calculated average and standard error of the mean using an unpaired
two-sided t-test.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-48796 for the SPA
reconstruction and EMD-48795 for the StA reconstruction. The atomic
coordinates have been deposited in the ProteinData Bank (PDB) under
accession codes 9N0W and 9N92 for theMDFF refinedmodel with IP6
present. Source data are provided with this paper.

Code availability
The code for analyzing local capsid curvature and capsid tomembrane
distances from subtomogramaveraging has been uploaded to Zenodo
[https://doi.org/10.5281/zenodo.17359858].
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