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Cryo-EM structures of prefusion SIV 
envelope trimer
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Simian immunodeficiency viruses (SIVs) are lentiviruses that naturally 
infect non-human primates of African origin and seeded cross-species 
transmissions of HIV-1 and HIV-2. Here we report prefusion stabilization and 
cryo-EM structures of soluble envelope (Env) trimers from rhesus macaque 
SIV (SIVmac) in complex with neutralizing antibodies. These structures 
provide residue-level definition for SIV-specific disulfide-bonded variable 
loops (V1 and V2), which we used to delineate variable-loop coverage of the 
Env trimer. The defined variable loops enabled us to investigate assembled 
Env-glycan shields throughout SIV, which we found to comprise both N- 
and O-linked glycans, the latter emanating from V1 inserts, which bound 
the O-link-specific lectin jacalin. We also investigated in situ SIVmac-Env 
trimers on virions, determining cryo-electron tomography structures at 
subnanometer resolutions for an antibody-bound complex and a ligand-free 
state. Collectively, these structures define the prefusion-closed structure 
of the SIV-Env trimer and delineate variable-loop and glycan-shielding 
mechanisms of immune evasion conserved throughout SIV evolution.

Simian immunodeficiency viruses (SIVs) infect over 40 species of 
African monkeys, chimpanzees and gorillas1,2 and are well-studied 
examples of cross-species infection and adaptation3–6. Although rapid 
viral sequence evolution complicates dating of cross-species trans-
mission, analysis of SIV from monkeys on Bioko Island suggests SIV 
to have been present in African primates for more than 32,000 years7, 
and possibly much longer8. Multiple cross-species transmissions of 
SIV from chimpanzee (SIVCPZ) to humans have resulted in groups M, 
N and O of HIV-1, with group M having crossed ~100 years ago to seed 
the HIV-1 pandemic9,10, which has killed an estimated 27–48 million and 
currently infects 38 million humans11. Eight distinct crossovers of SIV 

from sooty mangabeys (SIVSMM) have resulted in groups A–H of HIV-2, 
although only groups A and B are found widely12,13.

Entry of these immunodeficiency-causing viruses into target cells 
depends on the viral envelope (Env) spike, which binds CD4 and its core-
ceptor (reviewed in refs. 14,15). The Env spike is a trimer of hetero-dimers 
comprising two heavily glycosylated proteins: gp120, containing the 
receptor-binding sites, and gp41, containing the virus-fusion machin-
ery. For both SIV and HIV, Env is the sole target of neutralizing anti-
bodies as it is the only viral antigen on the surface of infectious virus 
particles, and as such it has evolved multiple mechanisms of immune 
evasion, including sequence diversity10,16, conformational masking17, 
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complex to determine the cryo-EM structure of the SIVmac239 trimer to a 
resolution of 4.1 Å (Fig. 2c, Extended Data Fig. 3 and Table 1), revealing 
a well-resolved trimer apex (Fig. 2d).

Structure of a prefusion-closed SIV Env trimer
Overall, the SIVmac239 Env trimer formed a three-blade propeller struc-
ture (Fig. 2e), which—discounting inserts and deletions—aligned closely 
with the structure of the HIV-1 Env with a root-mean-square deviation 
(r.m.s.d.) of 2.3 Å over 1,302 Cα atoms, with the SIVcpz Env with a r.m.s.d. 
of 2.3 Å over 1,100 Cα atoms (Fig. 2f). The full-length gp120 of the trimer 
aligned with a r.m.s.d. of 0.9 Å to the core of SIVmac239 we previously 
determined, with minor differences observed in the glycan shield for 
common sequons in the structures (Extended Data Fig. 4a). A few typi-
cally disordered regions in HIV-1, including the V4 loop of gp120 and 
α6-helix of gp41, were ordered in the SIV structure, but the overall 
secondary and tertiary structures were conserved (Extended Data 
Fig. 4b). Most of the larger structural deviations were in variable loops 
and glycan shield. Modeling the native Lys at position 169 indicated a 
clash with the heavy chain third complementarity-determining region 
(CDR H3) of PGT145, explaining the necessity for a Thr mutation at this 
position enabling binding of this HIV-1 broadly neutralizing antibody 
(Fig. 2g).

Outside of the variable loops, large deviations also occurred at 
residues 54–74 in the gp120 subunit and residues 650–664 in the gp41 
subunit (Extended Data Fig. 4c). Residues 54–74 are associated with 
two-point mutations, T55A and R57K, which dramatically impact the 
neutralization phenotype of SIV strains35. These residues formed a small 
hairpin. The equivalent region of HIV-1 encompasses a seven-residue 
insertion, 60–66HIV-1 (for clarity, the molecule is provided as a subscript 
when residue numbering is not SIV Env), which forms a short helix from 
residues 57–62HIV-1 followed by a loop; this region rearranges upon CD4 
binding to form a helix in residues 63–74HIV-1 that stacks with the α7-helix 
of gp41 (Extended Data Fig. 5). Modeling suggested that the small 
hairpin formed in this region in SIVmac239 would clash with gp41 upon 
CD4 binding, if the region were to rearrange in a fashion analogous to 
HIV-1. Rhesus CD4 (rCD4) differs from human CD4, and HIV-1 entry 
with rCD4 is facilitated by mutation from Ser375HIV-1 or A281HIV-1

36,37. 
Residues 650–664 were located at the C terminus of the soluble con-
struct, and their movement likely reflects mobility in this helix at the 
membrane-proximal face of the soluble Env trimer.

Extended SIV loops conceal analogous HIV-1 antibody 
epitopes
The most striking differences in the Env trimer structure between SIV 
and HIV-1 involved extended variable loops, particularly hypervariable 
loop V1. Following residue 139, SIVmac239 Env contains an insertion of 37 
residues compared to that of HIV-1 BG505 Env, including an additional 
disulfide bond (Fig. 3a). Bioinformatics predicts this extended V1 loop 
to contain multiple potential O-linked glycosylation sites38 (POGs), and 
indeed V1 has been confirmed to contain O-linked glycans39–41 with solu-
ble gp120 and virions produced by recombinant expression in multiple 
SIV strains including SIVmac239. Discounting this additional glycan cover-
age, the 37-residue extension in the V1 loop covered ~1,000 Å2 of the Env 
with a hypervariable protein surface. Much of the analogous surface 
in HIV-1 Env is shielded by glycosylation, suggesting glycosylation of 
these exposed apical regions may facilitate evasion from surveilling 
antibodies (Fig. 3b). Indeed, the hypervariable V1 loop-shielded sur-
face included part of the coreceptor-binding site, which overlaps with 
324GDIR327 and glycan N332HIV-1, part of the glycan-V3 supersite (Fig. 3c),  
which is one of the most commonly targeted sites in HIV-123,42–44. Shield-
ing of this V3 region may influence the difference in sequence diversity 
arising from immune pressure in SIV compared to that in HIV-1.

The SIVmac239 V2 loop is four residues shorter than that of BG505 
and contained an additional disulfide bond proximal to the region of 
V2 that binds α4β7 in HIV-1 Env45. The additional disulfide stabilized 

glycan shielding18 and low-spike density19,20. Evolutionary pressure 
from both viral and host factors in the transmission to, and adaptation 
in, new hosts has resulted in Env insertions, deletions and differing 
glycan usage throughout SIV. These cannot be accurately modeled 
due to SIV-specific disulfide-bonded loops and a lack of structural 
details from SIVs other than the direct HIV-1 group M progenitor, SIVCPZ 
(ref. 21), which lacks loops of comparable size and composition. Direct 
application to SIV of trimer-stabilizing mutations effective for the HIV-1 
Env22 succeeds with the more closely related chimpanzee SIVcpz Env21, 
but does not result in homogeneous trimers of SIVmac, the virus used 
to infect rhesus macaques as the most commonly studied pathogenic 
animal model for HIV. In this Article we use a structure-based approach 
to stabilize soluble recombinantly expressed SIVmac Env trimers, for 
which we determined cryo-EM structures in complexes with antibod-
ies ITS92.02 and PGT14523. We delineate variable-loop shielding of the 
SIVmac Env trimer along with its glycan shielding. Finally, we determine 
in situ structures of the SIV Env trimer on virions, both ligand-free and 
in complex with antibody ITS90.0324, which fully neutralizes SIVmac239. 
Because SIVmac is the primary animal-model pathogen for HIV-1, the 
structural details provided here, along with the development of a 
soluble SIV Env trimer, should enable a wide array of studies, as dem-
onstrated with HIV-1.

Results
SIV Env trimer stabilization and structure determination
HIV-1 and SIVmac Envs share ~30% sequence identity. However, the cysteine 
mutations at positions 501 and 605 (SOS) with a proline mutation at 559 
(IP) used in combination (SOSIP22) that stabilize the prefusion confor-
mation of HIV-1-Env trimers did not allow for the formation of a soluble 
prefusion-stabilized SIVmac-Env trimer (Extended Data Fig. 1a). With HIV-1 
Env as the structural template, we designed 57 additional mutations 
and assessed their impact on the antigenicity of SIVmac-Env trimers in a 
96-well transient-expression format. Although several candidate variants 
were tested with either SOS or IP mutations, most were primarily based 
on SOSIP constructs supplemented with additional disulfides, strain 
variation, cavity-filling mutations or proline insertions. We screened 
for mutants that showed improved binding to antibody ITS92.02, which 
neutralizes the SIV E660.CR54 strain but does not bind to the monomeric 
gp120 of that strain, suggesting it may prefer an Env conformation more 
closely related to that found on the virion surface. The best antigenic 
properties were observed in a design we named SOS-2P, which contained 
SOSIP alterations supplemented with a second proline mutation, T569P 
(HXB2 numbering; Fig. 1a); this mutation had previously been identified 
as a potential stabilizing mutation for HIV-1 Env25, highlighting the broad 
applicability of prefusion di-proline stabilization26,27.

We purified the SOS-2P-stabilized SIV-Env trimer from the E660.
CR54 strain in complex with ITS92.02 Fab (Extended Data Fig. 1b) and 
obtained a cryo-EM structure with a global FSC0.143 resolution of 4.3 Å. 
The ITS92.02 Fab was revealed to be specific for an epitope in the prefu-
sion gp41 conformation (Fig. 1c–e and Extended Data Figs. 2f,g) that is 
not retained in the postfusion conformation28 and is sequence-specific 
to SIV strain E660.CR54. Although densities for the Fv portion of Fab 
and for gp41 were well-resolved, with local resolutions of ~3.5 Å, den-
sity proximal to the trimer apex was poor with local resolution of 8 Å 
or worse, leaving it unsuitable for insight into the V1V2 and V3 regions 
(Fig. 1d,f, Extended Data Figs. 1c and 2a–e and Table 1).

To stabilize the trimer apex, we used apex-directed antibody 
PGT14523,29–31, which we observed neutralizes SIVmac251.30 (Fig. 2a,b) 
and has been found to bind a membrane-bound K169T mutant32 of the 
Env trimer of SIVmac239

33,34, a difficult-to-neutralize, tier-3 SIV strain. The 
mac251.30 Env has a Thr at residue 16933, suggesting this residue to play 
an important role in PGT145 binding. Co-expression of the SIVmac239  
SOS-2P trimer with the K169T mutation in complex with PGT145 paired 
with on-column purification enabled us to obtain a stabilized SIV 
Env trimer suitable for cryo-EM. We used the Fab PGT145-bound Env 
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Fig. 1 | Stabilization of SIVE660.CR54 Env through ITS92.02 screening-enabled 
cryo-EM structure determination. a, Left: designs of stabilized soluble SIV 
trimers based on HIV-1 structures were assessed through antigenic screening of 
a 96-well plate. Middle: antigenicity for the designs, shown as a heatmap, with 
each designed construct as a row and each antibody as a column, with ITS92.02 
on the rightmost column (Extended Data Fig. 1b). Right: introduction of a proline 
mutation at 569, in addition to the proline mutation of SOSIP at 559, showed the 
best binding to ITS92.02. b, SIVCR54 SOS-2P with ITS92.02 cryo-EM density. Density 

at the apex is less well-defined than the core and gp41 regions. c, The atomic 
model of the structure is shown in cartoon format. d, Density at the ITS92.02 
epitope, shown with the model. e, The ITS92.02 epitope is highlighted in red and 
shown in the bound-prefusion conformation (looking up from the membrane) of 
SIVE660.CR54 and the postfusion conformation (side view; PDB 1QBZ) of SIVmac239.  
f, The density of the SIV trimer (left) did not allow for unambiguous 
model-building of the apex region, including the V1V2 and V3 domains, which are 
highlighted in HIV-1 (right; PDB 4TVP) in blue and orange, respectively.
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the positioning of two N-linked glycans, at residues 185b and 187, which 
along with glycan N160, shielded much of the trimer apex (Fig. 3a,d). 
The V3 loop of SIVmac239, which was buried by the V1V2 domain, aligned 

closely with that of HIV-1. The V3 regions in both HIV-1 and SIV are 
more conserved than other variable loops, lacking true hypervariable 
sequence variation. The V4 loop of SIV was shorter than that of HIV-1 
and does not extend away from the apex in a disordered conformation 
as in HIV-1, but folded and extended towards the V1V2 loops, where it 
abutted the O-glycosylated V1 insert (Fig. 3e). In general, the V4 region 
is structurally variable, and a residue-by-residue distance comparison 
confirmed large structural deviations between SIV and HIV-1 to occur 
in V4 (Extended Data Fig. 4c). The SIVmac239 V5 loop did not deviate sub-
stantially from that of HIV-1, and it contained an N-linked glycan, N463, 
corresponding to similar glycosylation observed in many HIV-1 strains. 
Thus, the disulfide-extended V1 and V2, along with the structurally 
mobile V4, increased shielding of the SIVmac239 apex and its periphery, 
whereas V3 and V5 appeared to more closely reprise their roles in HIV-1.

Evolutionarily conserved SIV features
Several features—observed in the SIVmac239 structure, but not in HIV-1—
were conserved in SIV isolates that infect diverse primates (Fig. 4a). 
The V1 disulfide-bonded insert in SIVmac239 is found in HIV-2 and SIVsmm, 
whereas the additional V2-disulfide-bonded region is conserved across 
a number of divergent strains (Fig. 4a,b and Extended Data Fig. 6a,b). 
The structure of SIVmac239 defines the local conformations stabilized by 
the V1V2 disulfides and the regions they protect from, or expose to, the 
immune system. Sequence analysis revealed additional instances of 
cysteine pairs arising in multiple variable loops of diverse SIV branches46, 
suggesting specific evolutionary diversification arose from similar 
shielding strategies. Notably, only HIV-1 and SIVcpz lack V1 POGs, which 
are found in most SIVs (Fig. 4a,b). This corresponds with the much 
shorter V1 hypervariable loops found in those viruses (Fig. 4b). The 
presence of POGs did not appear to impact the total number of N-linked 
glycosylation sites (Fig. 4b). Additionally, an insertion near the α0-helix 
is present only in strains more closely related to HIV-1. Analysis of SIV 
sequence entropy (Fig. 4c), meanwhile, showed conservation at both 
the CD4-binding site and the apex near the trimer three-fold axis. The 
conserved use of CD4 as a receptor throughout SIV explains the con-
servation of the former, whereas the conservation of the latter provides 
an explanation for the ability of V2-apex-targeting antibodies such as 
PGT145 to neutralize broadly23,47. The SIVmac239 Env structure showed that 
the disulfide formed in V1 of SIVmac239 resides in a portion of the loop that 
deviated immensely from that of HIV-1BG505, whereas the disulfide in the 
V2 loop formed across two positions in adjacent β strands conserved in 
structures of both virus Envs (Fig. 4d,e). The seven-residue insertion at 
60–66HIV-1 extended the region encompassed by the C54–C74 disulfide 
that rearranges upon CD4 binding (Fig. 4f and Extended Data Fig. 5c).

The SIV glycan shield
The cryo-EM density was of sufficient quality to observe details of the 
SIVmac239 glycan shield (Fig. 5a). Predicted N-linked glycosylation sites 
(PNGs) showed carbohydrate density for at least the protein-proximal 
N-acetyl glucosamine (GlcNac) for 25 of 26 sites, the exception being 
N232 (which directly follows the N229 sequon and is thus probably not 
fully occupied). In terms of N-linked glycan holes, SIVmac239 contains a 
glycan hole at residue position 238, which is glycosylated in 83% of SIV 
strains. This glycan hole exposes a region that is targeted by ITS90.03, 
an antibody that fully neutralizes the SIVmac239 strain24.

In terms of O-linked glycosylation, 12 POGs appear in the extended 
V1 loop (Fig. 3a). Although this loop has been experimentally confirmed 
to contain O-linked glycans39–41, flexibility of the loop and its glycans 
along with heterogeneity in O-linked glycosylation complicated the 
interpretation of electron density for modeling of individual glycan 
moieties. Nevertheless, density in the V1 region clearly indicated addi-
tional mass beyond that accounted for by loop amino acids (Fig. 5b). We 
note that, although the POG sequence signatures were experimentally 
confirmed as glycosylated here, O-linked glycosylation levels may differ 
in Envs expressed through natural infection.

Table 1 | Cryo-EM single-particle data collection and 
refinement statistics

SIV E660.CR54 
SOS-2P with 
ITS92.02

SIV mac239  
SOS-2P K169T 
with PGT145

SIV mac239 
SOS-2P K169T 
with PGT145 and 
jacalin

(EMD-27718,  
PDB 8DUA)

(EMD-27735,  
PDB 8DVD)

(EMD-27631)

Data collection and processing

Magnification 81,000 81,000 81,000

Voltage (kV) 300 300 300

Electron exposure 
(e−/Å2)

51.16 51.15 52.10

Defocus range (μm) −1.2 to −2.5 −1.2 to −2.5 −1.0 to −2.5

Pixel size (Å) 1.083 1.083 1.083

Symmetry imposed C3 C1 C1

Final particle images 
(no.)

32,347 61,881 8,589

Map resolution 
(Å) FSC threshold 
(0.143)

4.32 4.12 7.6

Refinement

Initial model used 
(PDB code)

6TYB 6TYB N/A

Map-model 
resolution (Å) FSC 
threshold (0.143)

4.30 4.20 7.6a

Map sharpening B 
factor (Å2)

−135 −126 −620

Model composition

  Nonhydrogen 
atoms

15,612 40,424

 Protein residues 1,815 2,137

 Glycan 87 302

B factors (Å2)

 Protein 86.41 80.93

 Glycan 110.72 104.92

R.m.s. deviations

 Bond lengths (Å) 0.003 0.003

 Bond angles (°) 0.592 0.598

Validation

 MolProbity score 1.66 1.74

 Clashscore 5.05 4.87

 Poor rotamers (%) 0.19 0.69

Ramachandran plot

 Favored (%) 94.25 91.88

 Allowed (%) 5.58 8.02

 Disallowed (%) 0.17 0.09

aMap-model resolution for jacalin-bound volume measured in phenix and based on the 
model from PDB 8DVD.
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Fig. 2 | Structure of stabilized SIVmac239 Env trimer in a prefusion conformation 
bound to PGT145. a, PGT145 neutralization curves are shown for three SIV viruses. 
WT SIVmac251.30, which has a native Thr at position 169, is neutralized. The 
error bars indicate the s.d. of duplicate measurements. b, The 169S/T mutation 
at the trimer apex required for PGT145 to bind and neutralize SIV is shown in 
red. c, Cryo-EM density at 4.1 Å, shown for SIVmac239 SOS-2P trimer with the K169T 
mutation, in complex with PGT145. d, Density at the apex allowed unambiguous 

model-building for the trimer and PGT145 CDR H3. e, The overall structure of the 
SIV Env trimer looking down the three-fold axis shows the three-blade propeller. 
gp120 and gp41 for each protomer are colored individually and labeled. f, Cα 
alignment of SIVmac239 protomer with HIV-1 (PDB 4TVP) and SIVcpz (PDB 6OHY). 
g, Modeling the native Lys at position 169 shows clashes with residues R100a and 
F100d of the PGT145 CDR H3, which are not seen in the K169T mutant structure.
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To provide additional structural definition of O-linked glycans, 
we complexed the O-linked specific lectin, jacalin, to the PGT145-SIV 
Env trimer complex and determined its structure to a resolution of 
7.6 Å. Density corresponding to the bound jacalin protruded from the 
V1 region (Fig. 5d), providing further confirmation of O-linked glyco-
sylation. In terms of glycan shielding, the overall impact of O-linked 
glycan appeared to be low, with molecular dynamics simulations of 
1–10 O-linked core-1 glycans revealing some impact to glycan coverage 
of the V3 region, while other epitope regions appeared to be mostly 
unaffected (Extended Data Fig. 7).

To extend our understanding from the defined glycan-shield 
structure of SIVmac239 to the divergent Env trimers throughout SIV, 
we carried out structural alignments of glycan, finding seven N-linked 
glycosylation sites to align directly with those in HIV-1 BG505 or JR-FL, 
while an additional six contained Asn ND2 nitrogen atom within ~5 Å 
of a matched HIV-1 glycan, and 12 were unmatched to HIV-1 (Fig. 5c 
and Extended Data Fig. 8). With V1- and V2-disulfide linked structures 
defined, we could model other SIV Env trimers based on our newly 
determined structures and known HIV-1 Env trimer structures. We 

modeled glycan shields of the Env trimers for various SIV strains, rang-
ing in sequence identity to SIVmac239 from 35 to 83% (Fig. 3e). Despite 
substantial sequence and evolutionary divergence, we observed 
extensive glycan shields to be maintained throughout SIV. Overall, 
the SIV glycan shield, comprising both N-linked glycans and O-linked 
glycans (from V1), masked much of the Env-trimer surface, especially  
its apex.

In situ Env structures on SIVmac239 virions
We sought to confirm that the structure we determined of the soluble 
SOS-2P-stabilized SIV Env trimer accurately reflected the structure 
of the in situ membrane-bound form of Env trimer on the surface of 
virions. We determined two in situ structures of SIVmac239 Env trimer 
on the virion surface by cryo-electron tomography (cryo-ET) and 
sub-tomogram averaging, one bound to ITS90.0324 and the other 
ligand-free (Fig. 6, Table 2 and Extended Data Fig. 9). The model deter-
mined from the soluble trimer fit well into the cryo-ET densities of 
ITS90.03-bound and ligand-free reconstructions, with correlation 
coefficients of 0.71 and 0.62, respectively.
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ITS90.03—one of the few SIV antibodies that has been observed 
to fully neutralize SIVmac239—bound to the gp120-gp41 interface 
region, as expected from the previously determined crystal struc-
ture of SIVmac239 gp120 core in complex with ITS90.03 and rhCD424, 

accentuating the three-blade propeller structure of the SIV trimer 
(Fig. 6a,b). This antibody made minimal contacts with gp41 in the 
trimer context when aligned by the gp120 chains, although we note 
that the glycan at N625 must move from its orientation in the soluble 
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structure to accommodate the antibody (Extended Data Fig. 9c–e). 
The O-glycosylated extended V1 loop could be clearly distinguished 
in the tomographic density, and density could be observed for all 25 
of the N-linked sites of glycosylation found in the soluble structure, 

although density was noticeably weaker in several sites, including the 
N160 glycan at the apex (Fig. 6c–f).

The ligand-free in situ structure of the SIV Env trimer was indistin-
guishable from the in situ SIV trimer bound by ITS90.03, apart from 
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density associated with the antibody (Fig. 6g–i). For both in situ struc-
tures, additional density was observed for the region corresponding 
to membrane-proximal external region (MPER) residues 665–683, 

defining the MPER to form a pedestal, proximal to the three-fold axis 
of the trimer and interior to the soluble Env gp41 C-terminal helices, 
as has been observed for HIV-148 (Extended Data Fig. 9f–k). The MPER 
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pedestal elevated the C terminus of the soluble SIV Env trimer con-
struct (ending at residue 664) over 10 Å from the surface of the virion 
membrane (Fig. 6i and Extended Data Fig. 9). Altogether, Env features 
observed on the virion surface, for ligand-free and ITS90.03-bound 
structures, closely matched those observed in the stabilized soluble 
SIV-Env trimer.

Discussion
Prefusion-stabilized soluble HIV-1 envelope (Env) trimers22,49–51 and their 
associated analyses, including residue-level structural definition52–57, 
have provided a dramatic leap forward in HIV-1 research from their use 
as immunogens58–63 and as structural templates for mapping antibody 
epitopes to rationally assess vaccine development64–69. Here we obtain 
a prefusion-stabilized soluble SIVmac Env trimer and determine its struc-
ture in complexes with neutralizing antibodies. The revealed SIVmac 
structure enabled the definition of variable loops and glycan shielding 
throughout SIV, including details of extended SIV-variable loops and 
of N- and O-linked glycosylation. We further show the obtained soluble 
trimer structure to be in the same conformation as both neutralizing 
antibody-bound and ligand-free in situ structures of Env trimer on 
SIVmac239 virions.

Understanding SIV, which has infected primates in Africa for 
thousands of years, provides insight into the long-range evolutionary 
development of HIV-1. Conservation of variable loops masking and 
glycan shielding indicates immune evasion to be maintained, despite 
substantial adaptation, including the evolution of non-pathogenic 
phenotypes in multiple species70–73. Env-based immune evasion is thus 
likely to continue to persist with HIV-1.

The sequence conservation and reduced glycan shielding that we 
observed for the CD4-binding site throughout SIV provides insight 
into the impact of receptor function on Env-sequence variation. Most 
notable, however, may be the sequence conservation of the Env apex 
close to the trimer three fold and, to a lesser extent, some of the less 
glycosylated surfaces proximal to the fusion peptide (Extended Data 
Fig. 6b). The conservation of these regions does not appear to derive 
from receptor-binding constraints and may instead stem from folding 
requirements for entry and/or conformational masking. Whatever the 
cause, the conservation of these sites throughout SIV indicates they are 

likely to remain conserved in HIV-1, providing additional rationales for 
targeting these sites with both passive antibody treatment and vaccine 
development.
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Methods
Design of stabilized SIV trimer
We modeled the SIVmac Env structure based on prefusion-closed struc-
tures HIV-1 Env, and designed stabilized SIV Env variants, most of which 
incorporated the SOSIP mutations (for example, cysteine mutations at 
positions 501 and 605 and a proline mutation at 559) with supplemental 
disulfides. Additional designs including proline mutations to disrupt 
secondary structure, as well as cavity-filling mutations and screening of 
various SIV strains. We screened the designed SIV Env variant mutants for 
expression and antigenicity in a 96-well transient-expression format74. 
Mutants that showed improved binding to antibody ITS92.02 by ELISA 
were selected for purification and further characterization. A design 
named SOS-2P, which contained SOSIP mutations and a second proline 
mutation, T569P, displayed the best antigenicity and was selected for 
structural studies. To enable binding by antibody PGT145, we further 
altered the SIV Env SOS-2P design to incorporate a K169T mutation.

Protein expression and purification
For immunoglobulin-G (IgG) preparation, DNA sequences of antibody 
heavy and light chain variable regions were synthesized and subcloned 
into the pVRC8400 vector, as described previously75. To facilitate the 
preparation of antigen-binding fragments (Fabs), an HRV3C cleavage 
site was inserted into the heavy chain hinge region of selected IgG 
constructs (IgG-3C). IgG expression was carried out by co-transfecting 
both heavy and light chain plasmids in Expi293F cells (Thermo Fisher) 
using Turbo293 transfection reagent (Speed BioSystems). On day 6 
post transfection, the culture supernatant was collected and loaded 
onto a protein A column. After washing with phosphate buffered 
saline (PBS), antibody was eluted with IgG elution buffer (Pierce) and 
immediately pH-neutralized by addition of a one-tenth volume of 
1 M Tris-HCl, pH 8.0. Antibodies used in purification have been pub-
lished previously, except for ITS92.02, which is unrelated to ITS90 
and was isolated from animal IK16, a rhesus macaque vaccinated with a 
CD4-independent variant of SIVmac239

76 that became infected following 
challenge with SIVsmE660 swarm virus. Briefly, bulk sorted B cells from 
cryo-preserved peripheral blood mononuclear cells were expanded 
using B-cell culture conditions optimized for human B cells77. Culture 
supernatants from expanded B cells were evaluated for neutralization 
of SIVsmE660.CR54.2A5 (referred to as SIVsmE660.CR54 in the text) 
Env-pseudotyped virus using the high-throughput NVITAL automated 
microneutralization assay as previously described78. Immunoglobu-
lin heavy and light chain variable regions from B-cell wells that were 
positive for SIVsmE660.2A5.CR54.2A5 neutralization were amplified 
by polymerase chain reaction with reverse transcription (RT-PCR) as 
previously described79, using rhesus Ig-specific primers80,81.

To generate Fab, IgG-3C was incubated with HRV3C protease at a 
ratio of 100 units per 10 mg IgG in cleavage buffer containing 150 mM 
NaCl, 50 mM Tris-HCl, pH 7.5 at 4 °C overnight. After inactivating the 
HRV3C protease with 1× cOmplete Protease Inhibitor Cocktail (Roche), 
the digestion mixture was loaded onto a Protein A column (GE Health 
Science), and Fab from the column flowthrough was collected and 
concentrated.

Expression plasmids of SIV Env trimers for initial 96-well screening 
were constructed in a similar manner to that for HIV-1 BG505 Env22 and 
were expressed in a HEK293S GnTI- cell line as described previously50. 
To make a complex of SOS-2P Env and ITS92.02 Fab, ITS92.02 IgG-3C 
was first loaded onto a Protein A column, then supernatant from the 
expression of SIV Env trimer was flowed through the ITS92.02 IgG-
3C-bound protein A column before unbound Env was washed away 
with PBS. The complex of SOS-2P Env and ITS92.02 Fab was obtained 
by subsequent HRV3C cleavage (Extended Data Fig. 1e). For the SIV 
Env complexed with PGT145, SIVmac239 SOS-2P trimer with additional 
K169T mutation was co-expressed with PGT145 IgG-3C, followed by 
on-column purification using protein A to bind the PGT145 FC region, 
then by washing with PBS and HRV3C cleavage.

Preparation of AT2-inactived SIV virions
The 5′ and 3′ half genomes of SIVmac239 were obtained from the HIV 
Reagent Program, cat. nos. ARP-829 and ARP-830, respectively34. The 
3′ half clone contains a premature stop codon in nef and an additional 
stop codon was added to the 3′ half clone at position 734 of the env 
gene that results in truncation of the TM protein in virions. The regen-
erated provirus molecular clone (pSIV239Q734*) was used to produce 
a transfection-derived infectious stock, which was used to infect the 
SUPT1-CCR5 cell line (SR5) provided by J. Hoxie (University of Pennsyl-
vania). After infection, the culture required addition of fresh uninfected 
SR5 cells on three occasions early post infection because of the substan-
tial viral cytopathic effects. A stable, virally infected cell line emerged 
after about a month in culture and, at 54 days post infection, limiting 
dilution clones were prepared, and the virus produced by one clone 
(SIVmac239*/SR5 CL.09) was used in this study. Population-level proviral 
sequencing of this limiting dilution clone confirmed the retention of 
the Env and Nef stop codons in addition to two acquired mutations that 
resulted in amino acid changes: POL:R954G and ENV:G31D relative to 
the wild-type sequence. The analyzed virus (SIVmac239*/SR5 lot P4465) 
was treated with 2,2′-dithiodipyridine (Aldrithiol-2, AT-2) to eliminate 
infectivity while maintaining functional envelope glycoprotein spikes, 
as described in refs. 82,83. Virus was purified as described in ref. 48.

Virus neutralization assays
Virus neutralization was measured using single round infection of 
TZM-bl target cells by SIV Env-pseudotyped virus. 293T-derived HIV-1 
Env-pseudotyped virus stocks were generated by co-transfection of 
an Env expression plasmid and a pSG3ΔEnv backbone. Monoclonal 
antibodies were tested at eight-point fivefold dilutions starting at 
50 μg ml−1. Env-pseudotyped virus stocks and antibodies were mixed 
in a total volume of 50 μl and incubated at 37 °C for 1 h. TZM-bl cells 
(20 μl, 0.5 million ml−1) were then added to the virus and antibody 
mixture and incubated at 37 °C for 24 h. Cells were fed with 70 μl 
cDMEM and incubated for a further 24 h, before being lysed and 
assessed for luciferase activity (relative light units, RLUs). A nonlinear 
regression curve was fit using five-parameter hill slope equation. 
The 50% inhibitory concentration (IC50) was defined as the antibody 
concentration that caused a 50% reduction in RLU compared to virus 
control wells after subtraction of background RLU. Measurements 
were performed in duplicate, and mean values were plotted with 
error bars indicating s.d.

Negative-stain EM
SIVmac239 SOS-2P trimer–Fab complex samples were diluted in buffer 
containing 10 mM HEPES, pH 7.0, and 150 mM NaCl to a final trimer 
concentration of ~0.02 mg ml−1. The sample was adsorbed to freshly 
glow-discharged carbon-coated grids, rinsed with several drops of 
the dilution buffer, and stained with 0.75% uranyl formate. Images 
were recorded with defocus values ranging from −0.3 to −1.5 μm, 
and EMAN284 and Relion 1.485 were used to obtain reference-free 
two-dimensional (2D) classification and averaging.

Single-particle cryo-EM
SIVmac239 SOS-2P trimer–Fab complex samples were concentrated to 
~1.5 mg ml−1, and 2.3 μl of the complex was deposited on a C-flat grid 
(protochip.com). The grid was vitrified in ethane with an FEI Vitrobot 
Mark IV set to a wait time of 30 s, blot time of 3 s and blot force of 1. 
Automated data collection on a Titan Krios electron microscope was 
performed with Leginon v3.486 with a Gatan K3 direct detection device. 
Exposures were collected in movie mode for 2 s, with the total dose of 
51.15 e−/Å2 fractionated over 50 raw frames. Images were pre-processed 
using Appion v3.487,88 during collection; individual frames were aligned 
and dose-weighted using MotionCor289, and CTFFind490,91 was used to 
estimate the initial CTF. CryoSPARC 3.392 was used for the final CTF, 2D 
classifications, ab initio 3D reconstruction, homogeneous refinement 
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and non-uniform 3D refinement. Initial 3D reconstruction and final 
refinements were performed using C1 symmetry.

Coordinates from PDB 6TYB24 were used for the initial fit to the 
reconstructed map. This was followed by manual building in Coot v0.993 
and simulated annealing and real space refinement in Phenix v1.19.294, 
and then iterative processing with manual fitting of the coordinates 
in Coot93. Geometry and map-fitting were evaluated throughout the 
process using MolProbity95 and EMRinger96. PyMOL v2.4.2 (www.pymol.
org) and ChimeraX v1.397 were used to generate structure figures.

Cryo-ET and sub-tomogram averaging
SIVmac239 with delta CT was inactivated with Aldrithiol-2(AT-2). SIVmac239 
was incubated with antibody ITS90.03 for 30 min at room temperature. 
Colloidal gold (6 nm) solution was added to the mixture, and 4 μl of 
virus sample was placed onto freshly glow-discharged holey carbon 
grid (Quantifoil Cu R2/1, 200 mesh) for 1 min. The grid was blotted with 
Whatman filter paper from the back, and was rapidly frozen in liquid 
ethane using a homemade gravity-driven plunger apparatus.

The frozen-hydrated SIVmac239 samples were imaged at −170 °C on a 
cryo-electron microscope (Titan Krios, Thermo Fisher Scientific) with 
a direct detection camera (K3 Summit, Gatan) and an energy filter slit 
width of 20 eV. The images were captured at a magnification of ×64,000 
with a defocus around −4 μm, resulting in 1.38 Å pixel−1 at the specimen 
level. The tomographic package SerialEM was utilized to collect dose 
symmetric tilt series at 3° steps from −51° to +51°, with a total dose 
of ~60 e−/Å2. The dose-fractionated mode was used to generate 8–10 
frames per each projection image.

All frames were aligned and motion-corrected using MotionCor289. 
The drift-corrected tilt series were aligned using 6-nm gold fiducial 
makers by IMOD98,99. The six binned reconstructions were generated 
by TOMO3D100. In total, we generated 55 tomograms of SIVmac239 and 
105 tomograms of SIVmac239 complex with ITS90.03. To analyze SIVmac239 
Env, we first extracted virus particles from the tomograms, then used 
PyTom template-match101,102 to identify Env spikes. The initial orienta-
tion of each Env spike was estimated based on the center of the virus 
and the center of the Env. To remove junk particles, 3D classification 
implemented in I3 (0.9.9.3)103,104 was used to generate 100 class aver-
ages. After removing junk classes, good class averages were then sub-
jected to the ‘alignment by classification’ method to generate an initial 
low-resolution structure105. In total, of 60,464 Env spikes in complex 
with ITS90.03, 32,857 Env spikes were selected for further refinement 
of unbinned sub-tomograms. Both C3 symmetry and molecular mask 
were applied to improve the resolution. The resolutions of the maps 
were estimated by ResMap and the membrane region was masked.

Env-sequence conservation
Sequence conservation was calculated based on the Env sequences of 
195 strains from every branch of the primate immunodeficiency virus 
Env phylogenetic tree, as shown in Fig. 4a. The sequence entropy was 
calculated for each position in the aligned sequences with the formula 
Entropy = −∑i p(xi)log(p(xi)), where xi is each of the 20 standard amino 
acids or gap in the aligned sequences106.

Molecular dynamics simulations and glycan coverage analysis
Molecular dynamics (MD) simulations were carried out for ten glyco-
sylated trimers—with non-sialylated core-1 O-linked glycans on the V1 
loop with Man-5 in all potential N-linked glycan sites. The initial systems 
were prepared by the Glycan Reader & Modeler107 in CHARMM-GUI108. 
All atom MD simulations were performed using NAMD2.13109, and 
FreeSASA110 was used to determine the epitope residues of PGT145, the 
CD4 binding site and V3 region, and their surface area, with 1.4 Å as a 
probe radius. The program GLYCO111 was used to quantify the glycan 
shielding of the Env trimers. This program counts the glycan atoms 
of the protein surface within a 23-Å-distance cutoff from each surface 
residue, excluding those that are hindered by the protein region. The 

counted glycan atoms were averaged over 500 ns of MD simulations. 
The cutoff was determined by analyzing the longest length of the 
glycans of Man-5 and the disaccharide glycosylated Env trimer, aver-
aged over 500 ns of MD simulations. Epitope-glycan coverage was 
calculated by the number of glycan atoms of the epitope divided by 
its surface area. The number of glycan atoms per epitope was counted 
with the same method as described above. Summation of the SASA of 
each epitope residue was used as a factor to normalize the number of 
glycan atoms. Modeling of N-linked glycan shields for other SIV family 
members was performed using Glycoprotein Builder and manually 
adjusted through Coot.

Quantification and statistical analysis
Quantification of structural superpositions and alignments was 
performed with The PyMOL Molecular Graphics System, v2.4.2 
(Schrödinger). Buried surface areas were calculated with PISA112. 
CHARMM-GUI Glycan Reader & Modeler was used for modeling of 
carbohydrates, and all atom MD simulations were performed using 
NAMD2.13. Certain graphs were generated using GraphPad Prism 
v9.0.2.

Material availability
We synthesized DNA for the antibodies and SIV trimer constructs 
reported in this Article. Any unique mutations are explicitly detailed 
in the text and methods. Plasmids are available upon requests to P.D.K. 
(pdkwong@nih.gov) for non-commercial research purposes.

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

Data availability
Cryo-ET maps for the ITS90.03-bound spike and the unliganded spike 
have been deposited at the Electron Microscopy Data Bank (EMDB) with 
accession codes EMD-25065 and EMD-25064, respectively. Cryo-EM 
maps and fitted coordinates have been deposited at the Electron 
Microscopy Data Bank with accession codes EMD-27718, EMD-27735 
and EMD-27631 and to the Protein Data Bank with IDs 8DUA and 8DVD.

Code availability
The program GLYCO is available at https://github.com/myungjinlee/
GLYCO.
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Extended Data Fig. 1 | Antigenic screening and HRV 3 C purification through 
capture of co-expression enriches for minority population of trimeric 
Env. a, Sequence homology between HIV-1 and several SIV strains is shown. b, 
The 96-well screening results are presented as red-white heatmap with the top 
scoring constructs enlarged on the right panel showing their specific values 
for HIV-1 and SIV antibodies. The bottom-right table summarized the screening 
antibody epitopes. The ITS92 epitope was unknown during the screening and the 

accompanying structures revealed it to be a gp41 conformationally dependent 
epitope. c, Negative stain 2D images show a small population of trimers, 
highlighted here in the green squares. d, Schematic of the purification strategy 
is shown with on column binding of the supernatant to ITS92.02 followed by 
HRV 3 C cleavage, allowing the avoidance of harsh purification buffers. A similar 
strategy was used for PGT145 but included co-expression with the HRV 3 C IgG.
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Extended Data Fig. 2 | Cryo-EM analysis of SIVE660.CR54 SOS-2P in 
complex with ITS92.02 reveals a trimer with high flexibility at the apex. 
a, Representative micrograph and CTF of the micrograph are shown. 8,259 
micrographs were collected in total. b, Representative 2D class averages are 
shown. c, The gold-standard Fourier shell correlation resulted in a resolution 
of 4.32 Å using non-uniform refinement with C3 symmetry. d, The orientations 
of all particles used in the final refinement are shown as a heatmap. e, The local 
resolution of the full map is shown generated through cryoSPARC using an FSC 

cutoff of 0.5. f, A wild-type sequence alignment near the ITS92.02 epitope is 
shown highlighting residues within a 5 Å footprint in red. We note that non-
conserved residue E613 forms a salt bridge with R94 of the ITS92.02 heavy chain. 
g, The prefusion (magenta) and postfusion (gray, PDB ID 1QBZ) conformations of 
gp41 protomers are aligned with the prefusion footprint residues colored red and 
the corresponding residues in the postfusion conformation are shown in blue. 
Footprint residues between positions 638 and 652 (HXB2 numbering) align well, 
residues from 608–614 extend away from the helical region of the epitope.
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Extended Data Fig. 3 | Cryo-EM analysis of SIVmac239 SOS-2P in complex with 
PGT145 contains a stabilized apex region. a, Representative micrograph and 
CTF of the micrograph are shown. 6,255 micrographs total were collected.  
b, Representative 2D class averages are shown. c, The gold-standard Fourier shell 

correlation resulted in a resolution of 4.12 Å using non-uniform refinement with 
C1 symmetry. d, The orientations of all particles used in the final refinement 
are shown as a heatmap. e, The local resolution of the full map is shown in two 
contours. Maps were generated through cryoSPARC using an FSC cutoff of 0.5.
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Extended Data Fig. 4 | SIVmac239 sequence and structural comparisons. a, The 
SIVmac239 trimer aligns well to the CD4-bound SIVmac239 core (PDB: ID 6TYB). The 
glycan shield shows strong similarity for most glycans available in the core with 
notable differences at positions 47 and 464 where sequons were not glycosylated 
in the core and position 88 where the gp41 glycan at position N625 overlaps in 

space with N88 of the core. b, A sequence alignment of HIV-1 (BG505) and SIV 
(mac239) are shown with secondary structure shown below. Notable positions 
are indicated for SOSIP mutations. c, The Cα residue-by-residue distances are 
shown for HIV-1 and SIVcpz compared to residues of SIVmac239 indicating areas 
of close structural alignment and highlighting regions that diverge significantly.
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Extended Data Fig. 5 | CD4 binding details in SIVmac239 and HIV-1. a, (left) 
SIVmac239 gp120 from the trimer structure (magenta) is shown aligned to the 
CD4-bound SIVmac239 gp120 core (gray). (right) SIVmac239 gp120 from the 
trimer structure (magenta) is shown aligned to an HIV-1 BG505 gp120 from a 
trimer (light blue). b, (left) The CD4 (yellow) binding site is shown corresponding 
to the structural alignments in panel a. W427 adjusts out of the pocket that the 

F43 of CD4 inserts into. (right) Residue 375, used to confer rhCD4 binding to SHIV, 
is shown in red. Relative positions of W427 in SIV and HIV-1 are shown proximal to 
the F43 pocket. c, Conformations of the region from residues 50–80 are shown. 
The region adopts various conformations in SIV and HIV-1 and undergoes a 
switch upon CD4 binding.
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Extended Data Fig. 6 | Details of the primate immunodeficiency viruses 
conserved features. a, An additional disulfide was observed in one branch 
which placed cys at residues 165 and 168, stabilizing the turn between the B 
and C strands of V1V2. b, Disulfides observed in the hypervariable V1 loop are 
highlighted in purple. Due to poor alignment confidence in this region the 
sequences are shown from residue cys157 conserved in all viruses in the tree. 

c, The HIV-2 glycan shield is modeled as in Fig. 5e with minor deviations from 
SIVmac239. d, The fusion peptide region of SIVmac239 adopts a helical structure and 
abuts the core of the Env contrary to the flexible conformations observed in HIV-1 
Env (BG505, PDB ID: 5FYL). We note that the FP is one residue longer in the viruses 
more proximal to HIV-1.
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Extended Data Fig. 7 | Impact of O-linked saccharides on glycan shielding. a, Glycan shielding overlaid on SIVmac239 surfaces viewing from side (top panel) and top 
(bottom panel). b, Glycan coverage of epitope CD4bs (CD4 binding site), PGT145 and V3 regions of SIVmac239. The epitope regions are shown (top middle and top right 
panels) with the same color code as the plot (top left).
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Extended Data Fig. 8 | N-linked glycan conservation across diverse primate 
immunodeficiency viruses. (top) Bar graph depicting the percent conservation 
of N-linked glycan sequon positions (HXB2 numbering from 1–683) for the 
34 viruses depicted in the phylogenetic tree of Fig. 4. Hypervariable regions 
extending beyond HXB2 numbering are excluded due to high variability and low 

confidence alignments. * at positions 143 and 185 denotes artificially high bars 
due to multiple glycans in inserts. Dotted horizontal lines are shown at 50% and 
75% conservation and locations above these thresholds are labeled. (bottom) A 
detailed plot of sequon locations for all 34 sequences in the phylogenetic tree of 
Fig. 4. Locations are colored as in Fig. 4b.
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Extended Data Fig. 9 | Cryo-ET density fit to the model with MPER region 
extended from the membrane. a, A slice through a representative tomogram 
shows multiple SIV virions with Env spikes, black scale bar in the bottom right 
represents 50 nm. 55 tomograms of SIVmac239 and 105 tomograms of SIVmac239 
complex with ITS90.03 were collected. b, FSC curves of the ITS90.03-bound 
(blue) and unliganded SIV (black) sub-tomogram averages. c, Superposition of 
the ITS90.03 bound crystal structure with that of the SIV trimer based on the 
gp120 alignment. d, Glycan N625 of the SIVmac239 trimer must re-orient to 
accommodate the binding of ITS90.03. e, The V1 insertion region is observed 

in the ITS90.03-bound and unliganded cryo-ET density. f, Side view of the gp41 
density with the gp41 built from the soluble map fit to the density. g, Side view 
to panel d is shown. h, The pedestal at the base of the gp41 region in HIV-1 Bal is 
shown in yellow, segmented from density of EMDB map EMD-21412. Coordinates 
are shown for BG505 SOSIP.664. i, The side of gp41 is shown with the MPER region 
density shown in gold. j, The fit of the MPER region in relation to the membrane 
surface density. k, The pedestal at the base of the gp41 region in HIV is shown in 
yellow with membrane density shown.
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