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A key challenge in the quest toward an HIV-1 vaccine is design of
immunogens that can generate a broadly neutralizing antibody
(bnAb) response against the enormous sequence diversity of the
HIV-1 envelope glycoprotein (Env). We previously demonstrated that
a recombinant, soluble, fully cleaved SOSIP.664 trimer based on the
clade A BG505 sequence is a faithful antigenic and structural mimic
of the native trimer in its prefusion conformation. Here, we sought
clade C native-like trimers with comparable properties. We identified
DU422 and ZM197M SOSIP.664 trimers as being appropriately ther-
mostable (Tm of 63.4 °C and 62.7 °C, respectively) and predominantly
native-like, as determined by negative-stain electron microscopy (EM).
Size exclusion chromatography, ELISA, and surface plasmon reso-
nance further showed that these trimers properly display epitopes
for all of the major bnAb classes, including quaternary-dependent,
trimer-apex (e.g., PGT145) and gp120/gp41 interface (e.g., PGT151)
epitopes. A cryo-EM reconstruction of the ZM197M SOSIP.664 trimer
complexed with VRC01 Fab against the CD4 binding site at subnan-
ometer resolution revealed a striking overall similarity to its BG505
counterpart with expected local conformational differences in the
gp120 V1, V2, and V4 loops. These stable clade C trimers contribute
additional diversity to the pool of native-like Envimmunogens as key
components of strategies to induce bnAbs to HIV-1.
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Vaccines have successfully stopped or limited infections by
preventing pathogen transmission and have thereby con-
tributed toward eradication of deadly diseases (1). Nonetheless,
successful vaccination against highly variable pathogens, such as
enveloped RNA viruses, remains a daunting task. For example,
vaccination against influenza virus is only modestly effective
because constant antigenic drift necessitates yearly updates of
the vaccine (2). HIV (HIV-1) is also an RNA virus with a high
mutation rate that creates extensive sequence diversity and fa-
cilitates immune evasion (3, 4). During HIV-1 infection, immune
responses are often narrowly focused against a small subset of
viruses (5). The development of broadly neutralizing antibodies
(bnAbs) is relatively rare (5-15% of infections), and usually only
arises after antigenic stimulation by constantly evolving viral
variants over the course of 1-3 y or longer (6, 7). A vaccine that
confers protection against the global diversity of HIV-1 is highly
challenging and, as yet, an unachieved goal (8).

Neutralizing antibodies (nAbs) are a correlate of protection
for almost all successful vaccines (9, 10). The envelope glyco-
protein (Env) is the only HIV-1-encoded surface protein and, as
such, constitutes the sole bnAb target. A major problem in
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vaccine development is the intrinsic metastability of Env that is
essential for its membrane-fusion function (11). To mediate cell
entry, the Env trimer must undergo a series of complex, re-
ceptor-triggered conformational changes within and between its
noncovalently associated subunits, gp120 and gp41, to progress
from prefusion to fusion-active to postfusion forms (12). How to
create stable recombinant Env proteins in a prefusion confor-
mation relevant for bnAb recognition and elicitation has been an
area of intensive research.

We have previously described a cleaved, stabilized Env trimer
from a clade A isolate, termed BG505 SOSIP.664 (13). This SOSIP
trimer represents the paradigm for display of all known bNADb
epitopes (except the membrane proximal external region, MPER,
which was omitted due to its hydrophobicity), with minimal expo-
sure of most non-nAb epitopes (14-16). This BG505 trimer has
been extensively characterized and validated structurally in com-
plexes with at least one member of each main bnAb class [trimer
apex, PG9 (13); N332-epitope, PGT122 (17, 18); CD4 binding site,
PGV04 (19); and cleaved gp41/gp120 interface, PGT151 (20)].
This Env trimer was recently shown to elicit strong, but narrow,
nAb responses in animals against the autologous, neutralization-
resistant (tier-2) virus (21).

Significance

A successful HIV-1 vaccine should generate an immune response
capable of neutralizing the enormous diversity of globally cir-
culating viruses. Here, we report the discovery and character-
ization of two clade C recombinant envelope glycoprotein
trimers with native-like structural and antigenic properties, in-
cluding epitopes for all known classes of broadly neutralizing
antibodies (bnAbs). Together with previously described trimers
from other clades, these two new trimers will aid in immuniza-
tion strategies designed to induce bnAbs to HIV-1.

Author contributions: J.-P.J., J.H.L., G.O., A.T.d.l.P,, SW.A.T.,, A.C, AY., PJK, JP.M,
R.W.S., A.B.W., and I.LA.W. designed research; J.-P.J., J.H.L,, G.O., Y.H., A.T.d.l.P.,
SW.d.T., T.N,, A.C,, AY., and M.G. performed research; J.-P.J. contributed new re-
agents/analytic tools; J.-P.J., J.H.L, G.O,, Y.H,, AT.d.l.P, SW.d.T., TN, AC, AY., MG,
P.P, PJK, JP.M,, RW.S., AB.W., and I.A.W. analyzed data; and J.-P.J, J.H.L,, G.O., P.JK,,
J.P.M., RW.S., A.B.W., and |.A.\W. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.

Data deposition: The reconstruction data reported in this paper have been deposited in
the Electron Microscopy Data Bank, www.emdatabank.org (EMDB ID code EMD-3059).

'"To whom correspondence may be addressed. Email: wilson@scripps.edu, jean-philippe.
julien@sickkids.ca, or abward@scripps.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1507793112/-/DCSupplemental.

PNAS | September 22,2015 | vol. 112 | no.38 | 11947-11952

>
o
=]
=
]
2
[=]
13
I~
=


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1507793112&domain=pdf
http://www.emdatabank.org/
http://www.ebi.ac.uk/pdbe/entry/EMD-3059
mailto:wilson@scripps.edu
mailto:jean-philippe.julien@sickkids.ca
mailto:jean-philippe.julien@sickkids.ca
mailto:abward@scripps.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507793112/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1507793112/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1507793112

L T

/

1\

BN AS  DNAS P

It is unlikely that the BG505 SOSIP.664 trimer by itself will
achieve the goal of inducing bnAbs against heterologous tier-2
viruses (21). That task may be beyond the capabilities of any
single Env protein. One possible strategy to drive a broader re-
sponse is to use a diverse set of trimers derived from different
HIV-1 isolates/clades, analogous to the trivalent/tetravalent
seasonal influenza vaccines. The challenge an HIV vaccine faces
is much more onerous, however, because of the far greater global
sequence diversity of HIV-1 (3).

We recently described the production and in vitro character-
ization of another native-like trimer, B41 SOSIP.664 (clade B)
(16) to complement its clade A counterpart. As an immunogen,
the B41 trimer also generated a strong, but narrow, tier-2 au-
tologous nAb response (21). Here, we sought to identify addi-
tional trimers with comparable properties but based on clade C
sequences. Clade C is responsible for over 50% of all new in-
fections worldwide, predominantly in sub-Saharan Africa—the
epicenter of the AIDS pandemic (22). Neutralization profiles of
clade C viruses suggest their trimers may differ subtly from other
clades. For example, despite possessing all putative N-linked
glycans associated with the 2G12 epitope, many clade C viruses
are resistant to this bnAb (23). Thus, clade C trimers may have
atypical structural or glycosylation properties.

Here, we screened a panel of 15 clade C env sequences to seek
SOSIP.664 trimers with high yield, good thermal stability, native-
like antigenicity (display of bnAb epitopes, occlusion of non-nAb
epitopes), and native-like structure. We found two trimers, DU422
and ZM197M, with these desired properties. Cryo-electron mi-
croscopy (cryo-EM) of ZM197M SOSIP.664 in complex with
VRCO1 Fab confirmed that the trimers are native-like and provided
valuable insights into the distinct neutralization profiles of clade C
viruses. These high-quality clade C trimers can now contribute to
vaccine strategies aimed at inducing a bnAb response.

Results

Expression and Thermostability of Clade C SOSIP.664 Trimers. Fifteen
clade C env sequences were engineered to incorporate SOSIP
modifications, as well as N-linked glycans, to optimize bnAb
epitopes (SI Appendix, SI Materials and Methods). The proteins
were purified on a Galanthus nivalis lectin (GNL) column to
isolate Env, followed by size exclusion chromatography (SEC) to
purify trimers. In this initial screening, we used GNL and not the
2G12 bnAb column routinely used for clade A and B trimers
because clade C Env proteins are often unreactive with 2G12
and the epitope cannot be reconstituted simply by knocking in
N-linked glycan sites associated with 2G12 reactivity (24).

The percentage of Env proteins that formed trimers was
assessed from SEC profiles based on elution volumes that cor-
responded to a molar mass of three gp140 protomers (Fig. 14).
All 15 clade C SOSIP.664 constructs formed trimers, but at
yields that varied widely (~50-900 pg per 500 mL culture). The
DU422 and ZM197M trimer yields (~900 and ~800 pg, re-
spectively) were comparable to BG505 trimers purified by 2G12/
SEC (~750 pg) (Fig. 14), despite their relatively low propensity
to form trimers (11% and 12% of total GNL-purified protein,
respectively), and a corresponding increase in unwanted gp140
dimers/monomers and aggregates (Fig. 1B). The trimer yields
therefore reflect a high level of overall Env expression, rather
than unusually efficient trimer formation (Fig. 1 A and B). We
note that GNL purification might be associated with more con-
taminants than positive selection on 2G12-affinity columns and,
therefore, reduce the proportional yield of trimers. After SEC
purification, the DU422 and ZM197M SOSIP.664 trimers adopted
predominantly native-like conformations when analyzed by nega-
tive-stain electron microscopy (NS-EM) (Fig. 1B), in contrast
to aberrant structures, as for uncleaved, non-SOSIP Env trimer
constructs (25).
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Fig. 1. Expression of clade C SOSIP.664 trimers. (A) Expression yields in 293S
cells and post-SEC recovery of 15 clade C trimers purified by GNL-affinity
chromatography. The clade A BG505 trimer produced in this same cell line
and purified by 2G12-affinity chromatography is shown in blue for com-
parison. Dotted lines separate the different constructs into tiers based on
expression levels. (B) SEC profiles for the GNL-affinity purified DU422 and
ZM197M samples. The shaded green area indicates trimers. The DU422 and
ZM197M trimers are efficiently cleaved (Left Inset, showing dissociation of
gp140 into gp120 and gp41 subunits in SDS/PAGE upon addition of DTT) and
predominantly adopt a native-like Env conformation as assessed by NS-EM
(Right Inset, showing representative 2D-class averages of the trimers).

As high stability is a desirable characteristic of native-like tri-
mers, we used differential scanning calorimetry (DSC) to de-
termine the thermostability of the ten SEC-purified clade C
SOSIP.664 trimers that could be produced in sufficient quantity
(>250 pg/500 mL culture). Two DSC parameters are particularly
relevant: melting temperature (7},) and onset temperature of
melting (Tonset)- We hypothesized that trimers with high values
for both parameters would preferentially adopt a fully closed,
prefusion conformation and, hence, have optimal antigenic and
immunogenic properties (16, 26). The Ty, values for the 10 tri-
mers spanned a wide range, 57.4 °C-68.4 °C, and Tose¢ Was also
variable, 46.9 °C-57.2 °C (Fig. 24). No clade C trimer had an
overall thermostability profile as good as BG505 SOSIP.664
(T, = 68.1 °C; Typser = 60.9 °C). The most thermostable trimers,
judged by both criteria, were 16055 (T, = 64.2 °C; Topser = 55.5 °C),
DU422 (T, = 63.4 °C; Topset = 56.9 °C) and ZM197M (T,,, = 62.7 °C;
Tonset = 57.2 °C) (Fig. 2 A and B). The MCGP1.4 trimer also had a
high T, (68.4 °C), but its low Tpse; (<55 °C) is a sign of instability,
perhaps due to structural or glycan heterogeneity. Based on good
trimer yields and relatively high thermostability, we selected DU422
and ZM197M for further characterization.

DU422 and ZM197M SOSIP.664 Trimers Analyzed by NS-EM. GNL/SEC-
purified DU422 and ZM197M SOSIP.664 trimers were further
analyzed by NS-EM. Overall, ~97% and ~92% of these trimers,
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Fig. 2. Thermostability of clade C SOSIP.664 trimers. (A) Summary of T, and
Tonset Of the 10 most efficiently 293S cell-expressed, GNL/SEC-purified clade C
trimers. The clade A BG505 trimer is shown in blue for comparison. Dotted lines
separate the thermostability data into four quadrants, where the Upper Right
quadrant represents the most thermostable trimers with both high T, and
Tonset Values. (B) DSC analysis of the DU422 and ZM197M SOSIP.664 trimers
reveal sharp melting profiles with T, values of 63.4 °C and 62.7 °C, respectively.

respectively, are in a native-like conformation, with few irregularly
shaped, nonnative forms (SI Appendix, Fig. S1), similar to BG505
(27). The prefusion trimers can be subdivided into closed and
partially open forms, the latter involving an increase in mobility of
the gp120 variable loops at the trimer apex (16). Categorized this
way, the closed trimer proportions were ~81% and ~83% for
DU422 and ZM197M, respectively, with a minority subpopulation
(~10-15% in both cases) in partially open forms. The NS-EM
analysis also shows that the clade C trimers differ subtly from 2G12/
SEC-purified BG505 trimers, for which ~100% are in the closed,
prefusion form (SI Appendix, Fig. S1), but are more reminiscent of
B41 trimers, albeit with a lower proportion of partially open forms
(10-15%, compared with ~50-75%) (SI Appendix, Fig. S1) (16).
That >90% of the DU422 and ZM197M trimers are in a native-
like, prefusion conformation makes them candidates for both
structural and immunogenicity studies.

Antigenicity of the DU422 and ZM197M SOSIP.664 Trimers. We used
ELISA to derive antibody-binding ECs, values using GNL/SEC-
purified, D7324-tagged trimers produced in 293F cells (i.e.,
wild-type glycosylation) for comparison with neutralization ICs,
endpoints derived using sequence-matched (i.e., glycans knocked
in) Env-pseudotyped viruses in a TZM-bl cell assay. The DU422
and ZM197M viruses have tier-2 and tier-1B neutralization
classifications, respectively (28), which we also confirmed for the
DU422* and ZM197M* glycan knock-in variants. The anti-
bodies (n = 21) spanned a broad range of nAb and non-nAb
epitopes. Only a weak correlation between antibody reactivity
in ELISA and virus neutralization was observed for DU422
and ZM197M SOSIP.664-D7324 trimers purified by GNL/SEC
(R =0.53 and R = 0.32, respectively, SI Appendix, Fig. S2). This
weaker correlation than expected was surprising given that
these GNL/SEC-purified clade C trimers coelute with the trimer-
specific PGT145 Fab in SEC and are only weakly reactive with
non-nAb 19b (stoichiometry, n = 0.2) using isothermal titration
calorimetry (ITC) (SI Appendix, Fig. S3 and Table S1). Together,
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these studies imply that the GNL/SEC-purified DU422 and
ZM197M SOSIP.664 preparations do contain native-like trimers,
but also other forms of Env with undesirable antigenic properties.
As GNL/SEC-purified DU422 and ZM197M trimers were strongly
reactive with PGT145 (SI Appendix, Fig. S2), the native-like trimer
population can be purified using a PGT145-affinity column (S/
Appendix, Fig. S4).

As 2G12 was reactive with GNL/SEC-purified trimers in
ELISA, albeit weakly (SI Appendix, Fig. S2), we tested whether
native-like DU422 and ZM197M trimers could be purified via
2G12 affinity and SEC. Purification of high-quality, native-like
DU422 and ZM197M SOSIP.664-D7324 trimers was successful
and enabled a direct comparison with BG505 and B41 trimers
purified in the same way. We note that 2G12/SEC resulted in
slightly lower yields compared with GNL/SEC purification (S
Appendix, Fig. S4).

When DU422 and ZM197M SOSIP.664-D7324 trimers were
purified by 2G12/SEC, the correlation between their antigenicity
(ECsp) and virus neutralization (ICsp) was much stronger (Fig. 3).
The antigenicity vs. neutralization (with 2G12, 14E, and 39F omit-
ted) Spearman correlation coefficients of R = 0.77 and R = 0.71 for
DU422 and ZM197M SOSIP.664-D7324 trimers (n = 16 antibodies)
are a little lower than for BG505 (R = 0.88 with n = 45 antibodies)
(14), but slightly higher than for B41 (R = 0.69 with n = 19
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Fig. 3. Antigenicity of the near-native DU422 and ZM197M SOSIP.664 tri-
mers. The ELISA-derived antigenicity vs. neutralization analysis reveals a
positive Spearman correlation (Inset) for trimers expressed in 293F cells and
purified by 2G12-affinity chromatography and SEC. The bnAbs and non-
nAbs represent a wide set of epitopes. The binding and neutralization values
are compared with clade A BG505 and clade B B41 SOSIP.664 trimers in S/
Appendix, Table S2. Data points are colored red to indicate their inclusion in
the correlation analysis, and blue their omission. The V3 non-nAbs 14E and
39F were excluded from the correlation analysis, as immobilization of
SOSIP.664-D7324 trimers on ELISA plates exacerbates the exposure of V3
epitopes in a way not reflected by other techniques (14). 2G12 was also
excluded from the correlation analysis because the column yields a subset of
trimers that bind this bnAb with higher than average affinity, which does
not apply in neutralization assays (14).
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antibodies) (16) (SI Appendix, Table S2). Compared with GNL,
purification by 2G12 selects not only for native-like trimers that have
a higher affinity for the PGT151 and VRCO1 bnAbs, but also a lower
affinity for the 17b non-nAb to a CD4-induced epitope (Fig. 3 and S/
Appendix, Fig. S2). Surface plasmon resonance (SPR) analysis cor-
roborated the trends observed in ELISA for bnAb binding to the
clade C trimers (S Appendix, Fig. S5). We conclude that 2G12/SEC-
purified DU422 and ZM197M SOSIP.664 trimers are good anti-
genic mimics of the corresponding trimers on Env-pseudotyped
viruses, whereas GNL columns are problematic for purifying the
highest quality trimers—a conclusion only attainable from detailed
NS-EM and antigenicity vs. correlation analyses.

Cryo-EM Reconstruction of the ZM197M Trimer in Complex with
VRCO1 Fab at 9.6-A Resolution. To gain insights into the structure
of a clade C trimer, we purified (by SEC) a complex of the
ZM197M SOSIP.664 trimer with VRCO1 Fab, and obtained a 9.6-A
reconstruction by single-particle cryo-EM (Fig. 4 and SI Appendix,
Fig. S6). The clade C and clade A trimer (EMD-5779) recons-
tructions were highly similar, with a correlation of 0.96 when both
maps were low-passed filtered to 9.6 A (Fig. 44). Moreover, there
was a high degree of overall similarity (correlation of 0.95) with the
4.4-A BG505 SOSIP.664 trimer + NIH45-46 single-chain Fv (scFv)
X-ray structure (Fig. 4B). The apex of the ZM197M trimer has an
almost identical closed arrangement to its BG505 counterpart, with
gp120 V1, V2, and V3 elements participating in the trimer interface
(Fig. 4C) (17-19). Similarly, the three coiled-coil gp41 HR1 helices
provide the central platform upon which the gp120 monomers sit.
Thus, at this resolution, the clade A BG505 and clade C ZM197M
SOSIP.664 trimers are in almost identical overall configurations.
To assess possible local structural differences between the
two trimers, we performed a per-residue map correlation of
the 4.4-A BG505 trimer + NIH45-46 scFv X-ray structure (PDB
5D9Q) into the ZM197M trimer + VRCO01 Fab 9.6-A re-
construction (SI Appendix, Fig. S7). One region with poor den-
sity fits is gp120 V1, whether the BG505 trimer was in its PGT122-
bound or -unbound conformation (17, 19). These observations
are consistent with the ZM197M V1 region being 20-residues
longer than its BG505 counterpart, with four extra N-linked
glycosylation sites (~2.3 kDa/complex biantennary glycan),
leading to an additional ~8-10 kDa of mass per gp120 (SI Ap-
pendix, Fig. S8). The V1 region is not fully resolved in the cryo-
EM reconstruction (Fig. 4C). Another difference between
ZM197M and BGS505 precedes and includes the V4 loop (Fig.
4B, Inset I and SI Appendix, Fig. S7). Indeed, even at nanometer
resolution, the density indicates a slight, but discernible shift in the
conformation of gp120 a4/p18/V4 (residues 389-397) for ZM197M
compared with BG505, and more akin to the deglycosylated,
unliganded gp120 core of the clade C strain ZM109F.PB4 (Fig. 4,
Inset I) (29). Whereas the ZM197M N386 glycan density is similar
to that in the BG505 trimer, the N392 glycan appears slightly
shifted, possibly due to movement in a4/p18/V4 (Fig. 4, Inset I).
The density fit analysis also revealed potential differences in the
gp120 C3 B14/p15 elements (SI Appendix, Fig. S7). Little density is
present for this region in the ZM197M reconstruction, indicative of
high flexibility. The C terminus of gp41 heptad repeat 2 (HR2)
(Fig. 4, Inset II and SI Appendix, Fig. S7) appears shifted relative to
BGS505. Two distinct orientations of the HR2 helix were ob-
served in X-ray and cryo-EM structures of the BG505 SOSIP.664
trimer, and this region was found to be intrinsically flexible in hy-
drogen/deuterium exchange mass spectrometry experiments (17,
19, 30). It remains to be determined whether the HR2 differences
observed here are indicative of true conformational variations
between BG505 and ZM197M Env, or instead reflect a higher
flexibility for this region in all SOSIP.664 constructs, which are
truncated before the gp41 MPER. We also note that these cryo-
EM and X-ray structures of Env trimers have been obtained in
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Fig. 4. Cryo-EM reconstruction of the ZM197M SOSIP.664 trimer in complex
with VRCO1 Fab at 9.6-A resolution. (4) Superposition of the clade C ZM197M
SOSIP.664 trimer + VRCO1 Fab reconstruction (light blue surface) at 9.6-A reso-
lution vs. the previously reported 5.8-A clade A BG505 SOSIP.664 trimer + PGV04
Fab reconstruction (EMD-5779, orange surface, low-passed filtered to 9.6-A
resolution) reveals a high degree of structural similarity [Chimera (41) “map-in-
map” fitting correlation of 0.96]. Side views of the complexes are shown, with
the Fab at the extremities (Left and Right at the 2- and 10-o’clock positions) and
the trimer located at the Center (Top, gp120 and Bottom, gp41). (B) Fitting the
4.4-A resolution clade A BG505 SOSIP.664 trimer + NIH 45/46 scFv crystal struc-
ture (shown as secondary structure cartoon and colored by protomer; PDB 5D9Q)
into the 9.6-A clade C ZM197M SOSIP.664 trimer + VRCO1 Fab reconstruction also
shows a high degree of structural similarity [Chimera (41) “fit-in-map” correla-
tion of 0.95]. Nonetheless, subtle local differences are apparent. (Inset /) a4/318/
V4 elements, including N392 but not N386, appear slightly shifted (blue, orange,
and red arrows) in the ZM197M trimer reconstruction from their conformation
in the BG505 trimer (purple secondary structure cartoon, with N-linked glycans
as sticks) and are more akin to the conformation in the clade C ZM109F.PB4
gp120 core X-ray structure (green secondary structure cartoon, Protein Data
Bank ID: 3TIH). (Inset Il) The cryo-EM reconstruction shows subtle differences
(blue arrows) in the relative position of gp41 HR2, but not HR1, between the
clade A BG505 and clade C ZM197M trimers. (C) View down the trimer apex of
the superposed reconstructions and crystal structure, highlighting conforma-
tional mobility in the highly variable portions of the gp120 V1 and V2 loops.
Images were rendered with UCSF Chimera (41) and PyMOL (43).

complex with different ligands, which could subtly affect the
trimer conformation.

Discussion
A daunting challenge in HIV-1 vaccine research is to elicit an im-
mune response capable of neutralizing the enormous worldwide
diversity of circulating strains. Among strategies to induce bnAbs is
the use of multiple, native-like trimers based on diverse sequences,
such as env genes from different clades, in sequential or simulta-
neous immunization protocols. We have already described clade A
BGS505 and clade B B41 SOSIP.664 trimers, which are excellent
antigenic mimics of the corresponding Env spikes (14, 16). Here, we
identify and characterize two new trimers of comparably high
quality, based on the DU422 and ZM197M clade C viruses.

We selected these two SOSIP.664 trimers after screening 15
candidates to find those that expressed efficiently and were
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thermally stable. Four of the SOSIP-modified env genes pro-
duced GNL/SEC-purified trimers in yields >0.5 mg per 500 mL
culture. Furthermore, three of the 10 trimers assessed by DSC
had an appropriate stability profile with melting temperatures
>60 °C and onsets of melting >55 °C. The Env sequence prop-
erties and characteristics that correlate with high-level expres-
sion of stable SOSIP.664 trimers are still poorly understood.
Combining expression and stability data with structural insights,
as described here, should facilitate the rational design of muta-
tion strategies to improve trimer yield, stability, and antigenicity.

Both DU422 and ZM197M env genes were derived from
viruses isolated early postinfection: DU422 at 8 wk (31) and
ZM197M at 15 wk (32). We therefore note that the five most
structurally and antigenically native-like SOSIP.664 trimers that
have been identified and characterized to date (clade A BG505,
clade B B41 and clade C DU422, ZM197M, and 16055) (15), are
all derived from env molecular clones isolated from acute and
early infections with viruses that use the CCRS coreceptor for
entry, and that have tier 1B (ZM197M) or tier 2 (BG505, B41,
DU422, and 16055) neutralization phenotypes (28). These ob-
servations, albeit from a small sample size, lead us to hypothesize
that env genes from neutralization-resistant viruses isolated
during acute infection may be preferable substrates for
expressing soluble, stable, fully native-like SOSIP.664 trimers. It
may also be noted that, despite multiple attempts, we have not
yet identified fully native trimers from chronic and/or highly
neutralization-sensitive viruses of any clade. However, we also
found that CAP45 and CHS05 clade C sequences derived from
acute/resistant viruses did not yield high quality SOSIP.664 tri-
mers efficiently. Clearly, much remains to be learned about the
structural consequences of Env sequence variation at the trimer
level. Our emerging knowledge of how to further stabilize tri-
mers by targeted sequence changes should also prove fruitful.

The antigenicity vs. neutralization Spearman correlation analy-
ses of the clade A (14), B (16), and C SOSIP.664 trimers reveal
that, when properly purified, they mimic the phenotype of the
corresponding Env spike on the virus. We now have clear evidence
that the purification method substantially influences the properties
and antigenicity of native-like trimers. Although GNL columns
permit rapid screening of constructs, they were markedly inferior to
2G12-affinity purification for isolation of native-like, antigenically
appropriate DU422 and ZM197M SOSIP.664 trimers. Nonnative
forms of trimers, and other Env contaminants, can be removed by
negative selection with a non-nAb (15) or by positive selection with
a bnAb, which we consider to be a superior method (16). The
recent improvements in purification strategies will further aid in
isolating the most antigenically and structurally native SOSIP.664
trimers from the heterogeneous population of Env proteins that
are initially expressed. Rapid identification of suitable native-like
Env trimers with high yield and high thermostability using screening
platforms analogous to the one described here will be essential to
reap the benefits of optimized purification protocols.

The ZM197M SOSIP.664 trimer displays the epitopes recognized
by most classes of bnAbs. The ZM197M cryo-EM reconstruction
reveals that the VRCO1 class of bnAbs binds in the same conserved
disposition as on BG505 and that the gp120 variable loops (e.g., V1,
V2, and V4) are conformationally different. The N392 glycan,
which is important to the 2G12 epitope (33), is slightly shifted on
the clade C trimer compared with its position on the clade A trimer.
Thus, we hypothesize that the observed differences in the relative
disposition of the outer domain glycans at the base of V4 between
the ZM197M and BG505 trimers, together with structural differ-
ences in neighboring V1, might help explain why 2G12 neutralizes
clade C viruses poorly, even when all of the interacting glycans that
nominally constitute its epitope are present.

Our identification of antigenically and structurally near-native
SOSIP.664 trimers based on sequences from four different strains
(BG505, B41, DU422, and ZM197M), three different subtypes (A,
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B, and C), and with a combined pairwise identity of 77.3% (Fig. 54
and SI Appendix, Fig. S8), should facilitate the development of
immunization strategies aimed at inducing bnAbs. For example,
knowledge of the specific regions of high sequence and structure
conservation among the different trimers may allow immunogens
to be designed that direct antibody responses to conserved bnAb
epitopes and thereby counter strain and subtype variability (Fig.
5B). Regions of high sequence diversity are often proximal to more
conserved sites, such as the CD4 binding site or the trimer apex
that contains a tripod arrangement of N160 glycans (Fig. 5B). The
DU422 and ZM197M trimers will also be an additional resource
for isolating bnAbs from infected individuals (34), as well as
valuable reagents for future, higher resolution structural studies,
alone and in comparison with the BG505 trimer structures (17-19).

Materials and Methods

SOSIP.664-modified env genes were expressed as secreted proteins and puri-
fied by either GNL-, 2G12- or PGT145-affinity chromatography, followed

A
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Fig. 5. The two clade C SOSIP.664 trimers provide added antigenic diversity
to the growing arsenal of soluble, cleaved, native-like HIV-1 Env antigens.
(A) Phylogenetic tree representation of the sequence divergence between four
clade A, B, and C virus sequences that yield native-like recombinant trimers
(red dots) among natural HIV-1 Env diversity. The tree was rendered with
Geneious (44) using the 2013 precompiled alignment of 4,785 HIV-1 Env se-
quences downloaded from the Los Alamos National Laboratory HIV sequence
database. (B) The four trimer sequences are mapped onto the BG505 SOSIP.664
X-ray structure. Gray surfaces represent positions with identical amino acids
among the four sequences, whereas yellow and red surfaces indicate similar or
different residues, respectively. N-linked glycans are shown as spheres. The
sequence alignment on which this analysis is based, which also delineates the
length of variable loops, is shown in S/ Appendix, Fig. S8. The blue mesh
highlights the CD4 binding site as recognized by VRCO1 (blue mesh). Images
were produced with PyMOL (43).
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by SEC, as previously described (13, 16, 35). Melting temperatures were
measured by DSC, and trimer morphology classifications were performed
by NS-EM using Appion (36, 37) and MSA/MRA (38) software packages (16).
Trimer antigenicity was assessed by ITC, SEC, ELISA, and SPR. For ELISA and
SPR, the DU422 and ZM197M SOSIP.664-D7324 trimers were made as described
elsewhere (14). Neutralization titers against the DU422* and ZM197M*
sequence-matched (i.e., glycan knock-in) Env-pseudotyped viruses were de-
termined in a TZM-bl assay (14). Cryo-EM reconstructions of the ZM197M
SOSIP.664 trimer + VRCO1 Fab were performed using CTFFind3 (39), DoG
Picker (36, 37), MRA/MSA (38), and Relion (40). Fitting of maps and X-ray
models into the EM reconstruction was carried out in University of California
San Francisco (UCSF) Chimera (41), and subsequent structural analysis were
performed in Coot (42) and PyMOL (43). For more details, see S/ Appendix,
SI Materials and Methods.
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