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Retroviruses undergo an obligatory maturation step in the 
formation of infectious particles (1–3). The cleavage of Gag 
generates several mature proteins, including capsid (CA), 
which self-assembles into a fullerene-like core, enclosing the 
RNA genome. Revealing the molecular features of the retro-
viral mature core and its assembly mechanism is important 
for understanding retrovirus biology and developing novel 
antiretroviral drugs. 

Retroviral cores display variable shapes and sizes (4, 5), 
sharing a similar organization into a fullerene-like array of 
hexameric CA building units, with 12 interspersed CA pen-
tamers to allow for particle closure (6, 7). The CA protomer 
is composed of two α-helical domains, N- and C-terminal 
(NTD and CTD) (8–11), connected by a flexible linker (2). 
The crystal structure of the intact CA molecule has been 
challenging because of its intrinsic flexibility (12–15) and 
tendency to self-assemble into heterogenous structures. Sta-
bilization of HIV-1 CA hexamer and pentamer building units 
by cysteine engineering, eventually lead to solving their 

crystal structures (14, 16), albeit 
including additional mutations 
that destabilize critical contacts. 
Together with state-of-the-art 
cryoEM analyses of tubular as-
semblies of native HIV-1 CA (17, 
18), unprecedented insight into 
the architecture of the core par-
ticle has been provided, extend-
ing earlier lower resolution 
studies (19): a central 5-fold or 6-
fold symmetric, seemingly rigid 
ring of NTDs, is surrounded by 
an outer belt of mobile CTDs, 
involved in lateral CTD-CTD di-
mer contacts among hexamers to 
form the fullerene lattice (14). 
Trimeric CTD interfaces, ob-
served only in tubular assem-
blies, have been proposed to play 
a key role for lattice curvature 
(17, 18). 

We now report the crystal 
structure of the native, mature 
CA protein from bovine leuke-
mia virus (BLV) at 2.75Å resolu-
tion. A tumorigenic B-
lymphotropic Deltaretrovirus, 
BLV infects cattle worldwide 
(20–22) and is closely related to 
human T-lymphotropic viruses 
(HTLV) (23). BLV CA (Fig. 1A) 
crystallized in space group P65, 
with one hexamer in the asym-
metric unit (Fig. 1B) and a simi-
lar overall architecture as HIV-1 

CA (14). However, the BLV CA hexamer deviates substantial-
ly from 6-fold symmetry, yet able to make a flat pseudo-
hexagonal lattice (Fig. 1C). The 65 screw axis relates succes-
sive layers along the c axis of the crystal (fig. S1), with the 
quasi 6-fold (Q6) axis of the hexamer off-centered from the 
crystallographic one, and tilted by approximately 7 degrees 
(Fig. 1D and fig. S1). The structures of the individual NTD 
and CTD subdomains of BLV CA were determined, respec-
tively to 1.44 and 2.45 Å resolution (table S1 and fig. S2), 
which was instrumental in the structure determination pro-
cess (24). The NTD and CTD structures are organized as 
their counterparts in other retroviruses (fig. S3), displaying 
highest similarity to HTLV-1 (table S2). 

The BLV CA hexamer is stabilized through two types of 
interfaces (Fig. 2), NTD-NTD and NTD-CTD, as in other ret-
roviral CA proteins (11, 14, 18, 25). The core of the inner 
NTD ring is formed by the first three α-helices of each pro-
tomer, packed together through van der Waals interactions, 
with buried surfaces ranging from 360Å2 to 460Å2 for each 
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Retroviruses depend upon self-assembly of their capsid proteins (core 
particle) to yield infectious mature virions. Despite the essential role of the 
retroviral core, its high polymorphism has hindered high-resolution 
structural analyses. Here, we report the x-ray structure of the native capsid 
(CA) protein from bovine leukemia virus. CA is organized as hexamers that 
deviate significantly from 6-fold symmetry, yet adjust to make two-
dimensional pseudo-hexagonal arrays that mimic mature retroviral cores. 
Intra- and interhexameric quasi-equivalent contacts are uncovered, with 
flexible trimeric lateral contacts among hexamers, yet preserving very 
similar dimeric interfaces making the lattice. The conformation of each 
capsid subunit in the hexamer is therefore dictated by long-range 
interactions, revealing how the hexamers can also assemble into closed 
core particles, a relevant feature of retrovirus biology. 
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protomer at the six NTD-NTD interfaces (Fig. 2B). Two hy-
drogen bonds were also consistently observed (Fig. 2B), with 
one or two additional H-bonds present only in some pairs. 
Water-mediated hydrogen bonds could not be satisfactorily 
modeled at this resolution. On the other hand, NTD-CTD 
intra-hexamer contacts were observed both within and be-
tween protomers. Intra-protomer contacts associate helices 
α2 and α7 of the NTD, with CTD α8 and the α8-α9 loop, 
burying 280-300 Å2. Inter-protomer NTD-CTD interactions 
(Fig. 2C) involve NTD α4 and CTD α8 and α11, burying areas 
of 280 Å2 to 400 Å2 per protomer. All interfaces are thus 
relatively small, consistent with the large variation found in 
the relative positioning of the various pairs of interacting 
protomers (Fig. 2, B and C), related to the imperfect Q6 
symmetry of the hexamer (Fig. 1B). 

Comparison of the crystallized hexamer with the closest 
6-fold symmetrized hexamer (24) yielded a rather high rmsd 
of 2.8 Å (for 1136 Cα superposed atoms). Moreover, symme-
trizing the NTD and CTD rings separately, resulted in rmsds 
of 2.4 Å and 1.9 Å (732 and 420 Cα superposed atoms, re-
spectively), relative to their counterparts in the crystal 
structure. These deviations from strict C6 (proper 6-fold ro-
tational) symmetry indicate that the CA hexamer is plastic, 
giving rise to both intra- (fig. S4) and inter-capsomer (fig. 
S1C) quasi-equivalent protein contact interfaces. 

In the planar lattice of the crystals, the tilt of the Q6 axis 
of the hexamer with respect to the crystal c axis results in a 
tiled pattern of juxtaposed hexamers in one direction (Fig. 
1D). The packing is such that it gives rise to three independ-
ent quasi-2-fold (Q2) and two quasi-3-fold (Q3) lateral con-
tacts (Fig. 1C), fitting adjacent hexamers tightly together 
along continuous planes (fig. S5). The CTD “dimers” related 
by the 3 independent Q2 axes are very similar to each other 
(fig. S6), involving mainly hydrophobic packing of the 310 
helix, the α8-α9 loop and helix α9. The side chains of resi-
dues Trp133 (within the 310 helix) and Ile168 (in α9) play 
prominent roles, resembling the geometry observed in the 
crystal structures of the isolated HIV-1 CTD dimer (26). Bur-
ied interface areas at the BLV Q2 axes vary between 440Å2 
and 550Å2 per protomer, comparable to the single dyad in 
HIV-1 structures and displaying an overall similar arrange-
ment (14, 27). The Trp133/Ile168 pair (fig. S6) plays an anal-
ogous role as Trp184/Met185 of HIV-1, suggesting a 
functional conservation of these hydrophobic residues. Simi-
larly, the pair Val163/Pro164 in BLV, occupies an equivalent 
position to HIV-1 Val181. Residues located at different sec-
ondary structure elements, direct their side chains to occupy 
matching volumes in space, docking the CTD dimer unit in 
a conserved way. 

The two independent Q3 contacts, in contrast to the Q2 
interfaces, are quite different to each other (Fig. 3). They 
engage equivalent interaction surfaces as observed in HIV 
CA tubes (17), encompassing helices α10 and α11 of the three 
CTDs. Several side chains at the Q3 interfaces in BLV CA 
display weak electron density, indicating relative mobility of 

these residues. The surfaces contributed by chains A-C-E at 
one of the Q3 axes, bury areas of 460 Å2, 360 Å2 and 325 Å2, 
respectively; whereas the B-D-F interface buries 375 Å2, 200 
Å2 and 350 Å2. Residues at the C terminus of α10, mainly 
Gln186-Gly187-Arg188, together with residues from α11, 
make loose interactions among the three contacting CTDs. 
The Q3 interfaces seem remarkably supple, consistent with 
the large variations among the equivalent contact areas pre-
sent in HIV-1 CA tubes (17) as well as the shifts observed in 
dehydrated HIV-1 CA crystals (27). Moreover, the 3-fold in-
terfaces are not restricted to curved lattices, in contrast to 
previous suggestions (17), since they are present in the pla-
nar lattice of BLV CA involving comparable interface areas 
as the dimeric ones. The 2D hexagonal arrays in the P6 
structures of HIV-1 CA are stabilized via dimer CTD con-
tacts, with no protein interactions on the 3-fold axes (fig. 
S5), yet the latter do show key interactions in tubular HIV-1 
CA assemblies (17, 18). The P6 crystal packing may thus be 
favoring a symmetric organization at the expense of lateral 
contacts. Altogether, a snug fit among hexamers with simul-
taneous 2-fold and 3-fold contacts, appears to be linked to 
global asymmetry in the forms of capsomer deformation or 
2D lattice curvature. 

To gain further functional insights of CA plasticity, we 
studied in vitro the self-assembly of full-length BLV CA, 
comparing the mature form (used to crystallize) to a variant 
mimicking the immature state. The latter included one ad-
ditional N-terminal residue coming from Gag, expected to 
disrupt the N-terminal β-hairpin of mature CA. While the 
mature form generated large 2D sheets, consistent with the 
planar layers observed in the crystal structure, the one lack-
ing the β-hairpin exclusively made tubular assemblies (fig. 
S7). To understand the striking difference, we attempted 
crystallization of the immature variant, and obtained crys-
tals only for the isolated NTD (termed NTD-nobeta, table 
S1). The crystal structure revealed no electron density for 
the N-terminal segment (amino acids 1-11), indicating that 
these residues are disordered in the absence of β-hairpin 
formation. It has been postulated that β-hairpin formation 
upon the maturation cleavage of Gag could be linked to 
structural rearrangements of helix α1 (28, 29), eventually 
favoring formation of the mature CA hexamer. Comparing 
the NTD structures of BLV with and without β-hairpin, a 
significant shift of helix α1 was indeed observed (fig. S8). 

The range of different NTD-NTD and NTD-CTD orienta-
tions within the hexamer (Fig. 2) provides a connected net-
work for the propagation of long-range forces. Modifications 
at the NTD correlate with lattice modulation (figs. S7 and 
S8), even if NTDs are not in direct contact among adjacent 
hexameric units. Similar observations with HIV-1 CA (30) 
are consistent with this hypothesis. By binding small mole-
cules (27, 31) or protein partners (32) in the infected cell, 
NTDs could induce CTD-CTD interface rearrangements 
deeper within the core, ultimately modulating capsid stabil-
ity. 
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In conclusion, we have now captured the natural plastic-
ity of the retroviral capsid assembly unit by working with a 
CA protein with no engineered mutations. With one hex-
amer in the asymmetric unit, no crystallographic symmetry 
constraint is imposed onto individual protomers. Our struc-
ture provides a snapshot of one asymmetric conformation, 
probably among different ones accessible to the hexameric 
unit. The simplest packing of hexamers into a planar lattice 
would be a truly symmetric honeycomb array, as observed 
in the layers of the P6 crystals from HIV-1 CA (14). Such a 
packing is obviously not favored for BLV CA, likely due to 
non-optimal interacting surfaces for hexamers to pile direct-
ly on top of each other. Yet the BLV CA hexamer finds a way 
to pack in 2D sheets by shifting laterally and tilting from the 
crystal c axis. The constrain of building layers to form a P65 
crystal leads to the deformation of the ring such that non-
identical Q2 and Q3 lateral contacts of tilted hexamers re-
sult in a planar lattice. This is a demonstration of the strik-
ing ability of the CA protein to conform to long-range 
interactions, and provides insight on how closure of the CA 
core may be linked to the actual conformation of the indi-
vidual hexamers. It also sheds new light into the observed 
polymorphism of retrovirus mature cores in general. In con-
trast with the current paradigm, which states that the CTDs 
in the outer ring adapt to different packing environments by 
altering their relations to the inner, rigid NTD ring (14, 17), 
we now observe that the inner NTD ring is also plastic, de-
viating substantially from a symmetric configuration in or-
der to conform to the dominant long-range interactions. 
This model of capsid plasticity contributes with a novel 
framework to develop more accurate hypotheses of capsid 
self-assembly and uncoating. Implications of this mecha-
nism seem relevant for the discovery of allosteric effectors 
with novel antiretroviral properties. 
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Fig. 1. Structure of BLV CA and crystal packing. (A) Linear 
representation of BLV CA with numbered secondary structure elements. 
Domain boundaries and missing segments found in HIV-1 CA are 
indicated. (B) Schematic representation of the contents of the 
asymmetric unit of mature BLV CA crystals, corresponding to a 
hexameric unit. Each protomer is depicted in a different color. The ring of 
NTDs is outlined and angles between centers of mass of neighbor NTD 
pairs are indicated. (C) Solvent accessible surface of seven interacting 
hexameric units, forming a pseudo-hexagonal planar array. The central 
hexamer is highlighted with darker tones, and the two colors distinguish 
NTDs (green) from CTDs (blue). In this orientation the CTD rings are 
shown closer to the reader. Independent Q2 (yellow ovals) and Q3 (yellow 
triangles) axes are highlighted, and interacting CTDs at selected Q2 and 
Q3 interfaces, outlined (further details in fig. S5). (D) Tiled organization of 
successive hexameric building units in the crystal. The 2D lattice plane is 
horizontal in this view. The quasi-6-fold non-crystallographic axis is 
shown as a black stick on the left-most hexamer. The dashed lines 
(perpendicular to the Q6 axes) connect identical positions of different 
protomers within the hexamers, highlighting the approximately 10% 
vertical translational shift in certain adjacent interfaces. 
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Fig. 2. Variations among intra-hexamer contacts. (A) The hexamer is 
shown as a green transparent ribbon. One protomer is outlined for 
reference. The N-terminal domains (NTDs) of the six chains (solid 
cartoons, colored as in Fig. 1B) were superposed onto protomer A. The 
resulting rotated positions of neighboring subunits are shown in 
semitransparent cartoon. The inset highlights the good superposition 
among all NTDs (0.5 to 0.6 Å rmsd) (B) The view in (A) is rotated by 
approximately 45° along a horizontal axis. Only one of the superposed 
NTDs is shown in green (chain A), with neighboring NTDs colored by 
chain and α-helix labels identified with a prime. Large variations among 
different inter-protomer NTD-NTD interfaces are observed (maximum 
angular shift observed between chains A and F is labeled). The inset 
shows a close-up, with residues (in sticks) involved in H-bonds in all the 
inter-protomer pairs. (C) The same NTD is shown as a green cartoon 
(chain A), same orientation as panel (A). CTD-CTD interactions are 
highlighted, revealing important variation of CTD-CTD interfaces. The 
dashed arrow highlights the maximum shift observed between helices α8 
of chains A and D. 
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Fig. 3. Close-up of the two independent trimeric interfaces stabilizing the 
BLV CA lattice, as observed in the crystal asymmetric unit. Stereo views 
of two orthogonal orientations of the interface between (A) protomers 
B/D/F and (B) protomers A/C/E, from three neighbor hexamers, are shown. 
Chains colored as in Fig. 1B. On the left panels, side-views with respect to the 
quasi-3-fold axes (depicted as purple sticks). The positions of R188 Cα 
atoms (dashed lines), highlight variable height shifts among the interacting 
protomers. R188 and I184 (on the same side of α10) are shown as sticks for 
reference. On the right, solvent accessible surface representations show the 
close contacts among the three interacting protomers. 
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