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ABSTRACT

Soluble forms of trimeric HIV-1 envelope glycoprotein (Env) have long been sought as immunogens and as reagents for analysis
of Env structure and function. Isolation of trimers that mimic native Env, derived from diverse viruses, however, represents a
major challenge. Thus far, the most promising native-like (NL) structures have been obtained by engineering trimer-stabilizing
mutations, termed SOSIP, into truncated Env sequences. However, the abundances of NL trimeric conformers vary among Envs,
necessitating purification by monoclonal antibodies (MAbs) like PGT145, which target specific epitopes. To surmount this in-
herent limitation, we developed an approach that uses lectin affinity chromatography, ion-exchange chromatography, hydro-
phobic-interaction chromatography (HIC), and size exclusion chromatography (SEC) to isolate NL trimers from nonnative Env
species. We validated this method with SOSIP trimers from HIV-1 clades A and B. Analyses by SEC, blue native PAGE, SDS-
PAGE, and dynamic light scattering indicated that the resulting material was homogeneous (>95% pure), fully cleaved, and of
the appropriate molecular weight and size for SOSIP trimers. Negative-stain electron microscopy further demonstrated that our
preparations were composed of NL trimeric structures. By hydrogen/deuterium-exchange mass spectrometry, these HIC-pure
trimers exhibited structural organization consistent with NL trimers and inconsistent with profiles seen in nonnative Envs.
Screened for antigenicity, some Envs, like BS208.b1 and KNH1144 T162A, did not present the glycan/quaternary structure-de-
pendent epitope for PGT145 binding, suggesting that these SOSIPs would be challenging to isolate by existing MAb affinity
methods. By selecting based on biochemical rather than antigenic properties, our method offers an epitope-independent alterna-
tive to MADbs for isolation of NL Env trimers.

IMPORTANCE

The production and purification of diverse soluble Env trimers that maintain native-like (NL) structure present technical chal-
lenges that must be overcome in order to advance vaccine development and provide reagents for HIV research. Low levels of NL
trimer expression amid heterogeneous Env conformers, even with the addition of stabilizing mutations, have presented a major
challenge. In addition, it has been difficult to separate the NL trimers from these heterogeneous mixtures. While MAbs with
specificity for quaternary NL trimer epitopes have provided one approach to purifying the desirable species, such methods are
dependent on the Env displaying the proper epitope. In addition, MADb affinity chromatography can be expensive, the necessary
MAD may be in limited supply, and large-scale purification may not be feasible. Our method based on biochemical separation
techniques offers an epitope-independent approach to purification of NL trimers with general application to diverse Envs.

he envelope glycoprotein (Env) on the virus surface is the sole

target of HIV-1 neutralizing antibodies (NAbs). Many vaccine
strategies involve the use of Env-based immunogens aimed at elic-
iting NAbs with broad cross-reactivity. Because the trimeric form
of Env found on the surface of the virus mediates viral entry, and
amajor goal of vaccine design is to elicit antibodies that block this
process, it is expected that immunogens must recapitulate the
native structure of this functional Env (1-6). Diverse Env variants
representing the most prevalent HIV-1 clades are currently under
evaluation as potential immunogens.

Functional Env is a membrane-anchored trimer of extensively
glycosylated heterodimers, composed of gp120 receptor-binding
and gp41 membrane-spanning fusion subunits. Endogenous pro-
teases cleave the gp160 precursor polypeptide into gp120 and gp41
subunits, which remain noncovalently associated as protomers in
the native Env trimer. Current models of viral entry suggest that
prior to receptor and coreceptor binding, Env adopts a “closed”
prefusion conformation, in which conserved functional features
such as receptor and coreceptor binding sites on the gp120 core
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and the V3 loop are “masked” or sterically inaccessible (7, 8).
Dense clusters of N-linked glycans distributed across the surface
of Env as well as on its flexible variable loops further shield con-
served core features (9, 10). Despite the significant defenses that
have evolved on Env to mask the conserved features, recent studies
have demonstrated that broadly neutralizing antibodies (BNAbs)
can target select epitopes distributed across much of the surface of
the closed, prefusion form of Env (11).
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As a type 1 fusion protein, in which the prefusion conforma-
tion exists as a high-energy, metastable state, Env is relatively
prone to spontaneous transition to its postfusion state (12—14). It
is believed that Env may have been additionally selected for a
tendency to misfold, possibly as a mechanism of immune evasion,
whereby immunodominant but nonnative, nonfunctional forms
of Env are displayed on the virus surface alongside relatively few
copies of functional, native trimer (15). As a consequence of these
and other factors, early efforts to produce soluble, recombinant
forms of Env glycoproteins were largely unsuccessful (16). First-
generation uncleaved gp140 ectodomain constructs, which trun-
cated the Env gene N-terminal to the transmembrane anchor,
were found to lack native-like (NL) Env structural organization
(16, 17). Such engineered proteins, derived from a range of Env
sequences, in general appeared to adopt nonnative conformations
in which the gp41 subunit degenerates to a highly stable, helical
bundle state, resembling the postfusion conformation, while
gp120 monomers remain loosely tethered or dissociated, with dis-
ordered V1/V2 and V3 loops (16, 17). As a consequence, un-
cleaved gp140s expose epitopes targeted by poorly neutralizing
antibodies that are occluded on the native trimer (18). When used
in vaccines, they are thus unlikely to elicit broadly neutralizing
humoral responses that target the NL, closed prefusion trimer
organization (18-21).

In order to overcome the limitations of this first generation of
Env constructs, much of the recent focus of Env immunogen de-
sign has been on producing stabilized forms of trimeric Env that
maintain the structural and antigenic features of the native closed
prefusion conformation. A set of modifications to the Env se-
quence were identified that help reduce formation of nonnative
Env proteins while enhancing formation of NL trimers (22-25).
These modifications, when paired with selection of Env from spe-
cific viral variants that favor NL trimer formation, resulted in
production of trimeric glycoprotein assemblies that closely resem-
ble native Env trimers (26-30) and have led to breakthroughs in
structure determination, which, in turn, identified additional sta-
bilizing substitutions that lock the assembly in the closed, prefu-
sion conformation (4, 31).

The most widespread approach to date for generating stabi-
lized NL Env trimers employs SOSIP.v1 modifications (4, 26). In
this approach, Env is truncated after residue 664 and thus lacks
both the transmembrane and membrane-proximal domains of
gp41; an Ile-to-Pro replacement is introduced in the first heptad
repeat of the ectodomain of gp41 (gp41..,), stabilizing the prefu-
sion state; an engineered disulfide bridge links gp41. ., and gp120
subunits of each protomer to prevent their dissociation; and a
hexa-arginine motif replaces the native cleavage sequence to en-
hance furin cleavage. Despite these modifications potentially al-
tering some structural properties, this design and those based on it
represent the most native-like reagent available for the study of
Env using solution-based techniques. Purified, trimeric SOSIP.v1
Envs have been shown by numerous structural and biophysical
techniques to faithfully mimic HIV-1 Env (27, 29, 32, 33) in its
native, trimeric conformation (26). Furthermore, a SOSIP.vl
trimer engineered from the Env sequence of the transmitted form
of the virus from an infant in the Nairobi Breastfeeding Clinical
Trial (NBT), BG505.c2 T332N (26), effectively elicited potent
neutralizing antibodies in rabbits and macaques (34). However,
these NAbs lacked broad cross-reactivity—meaning that they
failed to neutralize heterologous tier 2 and 3 viruses. It has there-

9472 jviasm.org

Journal of Virology

fore been proposed that elicitation of broadly neutralizing re-
sponses may require the use of polyvalent formulations of SOSIP
Envs based on diverse viral variants to accomplish the hallmark
goal of breadth and potency. Envs from different isolates, how-
ever, vary widely in their propensities to form recombinant NL
trimers using the SOSIP design (35, 36). Consequently, numerous
purification methods have been developed to isolate NL trimers
from lower-yield Envs (26, 35, 36, 37, 43).

Positive selection of glycosylated proteins by affinity chroma-
tography with lectins or glycan-dependent NAbs like 2G12 fol-
lowed by gel filtration is a commonly employed method of SOSIP
protein purification (26). While these steps provide some separa-
tion of Env species, such methods alone are not sufficient to isolate
NL trimers from misfolded dimers and other nonnative confor-
mations. A more stringent form of positive selection employs qua-
ternary structure-dependent monoclonal antibodies (MAbs)
PGT145 (35) and PGT151 (36). These approaches, based on se-
lection of complexes that present the cognate epitope for the MAb
employed, have proven effective and generalizable to SOSIP trim-
ers designed from several isolates. An alternative, affinity-based
method uses negative selection with antibodies such as F105 and
GE1366 (37), which are directed toward epitopes that are exposed
on dimeric and monomeric species but are occluded on the
“closed” properly folded NL trimer. While such affinity methods
have proven effective in purifying NL trimers designed from some
isolates, they require the antigen to present specific protein and
glycan epitopes that are not necessarily universal to isolates of
interest. In most cases, the required antibodies are not widely
available, and it also remains relatively cost-prohibitive to scale
MAD purification as may be needed for vaccine production.

To circumvent the limitations of MAb affinity methods for
SOSIP purification, we developed an approach that relies on bio-
chemical rather than antigenic features of well-formed NL SOSIP
trimers and applied it to the purification of SOSIP.v1 trimers
based on diverse Env sequences. The method we describe is effec-
tive in isolating the NL trimer population even when it is a minor-
ity fraction of the total Env material. By making it possible to
isolate a broad range of NL Env trimers and use them as reagents
(e.g., for antigenicity assays, B cell sorting, and structural analy-
ses), we anticipate that it will become possible to investigate the
diversity of HIV-1 Env biology and Env-directed immune re-
sponses with greater rigor and scope than in the past. Since the
approach we describe relies upon readily scalable biochemical
methods, this and similar purification methods are expected to be
amenable to production of large-scale preparations, which may be
useful for vaccine production.

MATERIALS AND METHODS

Design of SOSIPs engineered from multiple HIV-1 envelope sequences.
The amino acid sequence of the canonical BG505.¢2 SOSIP.v1 T332N was
used as a template for design of new SOSIP.v1 constructs engineered from
gp160 sequences of diverse HIV-1 isolates. Briefly, a disulfide bridge was
introduced between cysteines at positions 501 and 605 (SOS) and an Ile-
to-Pro mutation was introduced in the HR1 domain of gp41 (IP). We also
modified the native proteolytic cleavage site ;o,sREKR; to a hexa-argi-
nine motif, known to enhance cleavage by exogenous furin (26), and
replaced the native leader sequence with that of the tissue plasminogen
activator (tPa) to enhance secretion. New SOSIP genes were synthesized
by Life Technologies with flanking PST1/NOT!1 restriction sites and sub-
sequently cloned into the pPPI4 mammalian expression vector (26).
BG505.¢2 and MG505.e1 SOSIP expression vectors were obtained from
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John Moore and colleagues. In their originally published forms, these
genes encoded several added sequons for N-linked glycans in a conserved
binding site for the monoclonal antibody 2G12. To better mimic the na-
tive antigenicity of the viral isolate, we reverted these glycan motifs to their
wild-type sequences in the BG505 and MG505 SOSIPs using site-directed
mutagenesis (Agilent).

Protein production and purification. SOSIPs were produced by tran-
sient transfection with either 2X polyethylenimine (PEI) or Freestyle Max
reagent (Life Technologies) in a suspension of 293F cells at between 0.8
and 1.2 million cells/ml. Cotransfection of furin in pcDNA.3 at a ratio of
three SOSIPs to one furin ensured efficient proteolytic cleavage between
gp120 and gp41 subunits during production. Six or 7 days after transfec-
tion, supernatants were cleared by centrifugation and filtered through a
0.2-pm vacuum filtration unit and supplemented with protease inhibi-
tors (Roche) and sodium azide to prevent microbial growth. Supernatants
were incubated with Galanthus nivalis lectin (GNL) coupled to agarose
beads overnight at 4°C and washed with 20 mM Tris (pH 7.4), 1 mM
EDTA, 1 mM EGTA, 0.02% azide, and 120 mM NaCl; glycoproteins were
eluted with 7 to 10 column volumes of 1 M alpha methyl-mannopyran-
noside dissolved in 20 mM Tris (pH 7.4), 1 mM EDTA, 1 mM EGTA,
0.02% azide, and 120 mM NacCl.

GNL eluates were concentrated using Amicon ultrafiltration units
(nominal molecular mass cutoff of 100 kDa) and buffer exchanged to
DEAE low-salt buffer (20 mM Tris [pH 8.0], 100 mM NaCl) before being
loaded onto a 5-ml prepacked HiTrap DEAE anion-exchange column
(GE Life Sciences). Following 10 min of isocratic flow in 100 mM NaCl, a
gradient to 1 M NaCl was initiated and fractions were collected through-
out. Alternatively, this step was done in batches while collecting the low-
salt flowthrough, with a final elution of bound material with 1 NaCL.

The DEAE flowthrough was buffer exchanged into 2 M ammonium
sulfate-0.1 M phosphate (pH 7.0) and loaded onto a ProPac HIC-10
column (Dionex). A linear gradient of 2 M to 0 M ammonium sulfate in
0.1 M phosphate (pH 7) over 90 min was sufficient to resolve trimers from
dimers and monomers. Lastly, the early-eluting fractions (containing na-
tive-like trimers) were concentrated prior to being loaded onto a Super-
dex S200PG size exclusion chromatography (SEC) column in PBS (20
mM sodium phosphate [pH 7.4], 150 mM sodium chloride, 0.02% so-
dium azide). Peak fractions were collected and concentrated for down-
stream analyses of purity and antigenicity.

PGT145 pure BG505.c¢2 T332N SOSIP trimer was provided by John
Moore and colleagues (original study described in reference 4). BG505.c2
T332N gp120 was produced and purified in-house by transient transfec-
tion of 293F cells, GNL affinity chromatography as previously described,
and SEC on the Superdex S200PG column.

SDS-PAGE and BN-PAGE analyses. SDS denaturing PAGE and blue
native PAGE (BN-PAGE) analyses with precast gels (Novex) were per-
formed to assess the oligomeric species present at each stage of purifica-
tion. The addition of 0.1 M dithiothreitol (DTT) to denatured samples
allowed us to ensure that furin cleavage between gp120 and gp41 subunits
was complete in our SOSIPs. Typically, between 10 and 15 pg of protein
was loaded per lane for BN-PAGE analysis and 5 pg per lane was loaded
for SDS-PAGE analysis.

DLS. Dynamic light scattering (DLS) measurements were performed
on a Dynapro Nanostar (Wyatt Technologies). Trimer samples were di-
luted to 1 or 3 mg/mlin PBS and centrifuged at 15,000 X g for 20 min prior
to loading of 8 pl into a low-volume quartz cuvette. The mean estimated
radius, polydispersity, and molecular weight were generated from 40 ac-
quisitions of 5 s at 20°C. Following these initial acquisitions, 10 wl of
parrafin oil was gently added to the top of the sample prior to temperature
scans from 30 to 80°C at a rate of 1°C/min to determine the onset of SOSIP
melting and aggregation.

Negative-stain electron microscopy (NS-EM). A 3-pl aliquot of pu-
rified SOSIP, diluted to 10 or 30 pg/ml in PBS, was applied for 60 s to
glow-discharged C-Flat, 300-mesh Cu grids (Electron Microscopy Sci-
ences) and stained for an additional 60 s using Nano-W (Nanoprobes).
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Data were collected using a FEI Tecnai T12 transmission electron micro-
scope operating at 120 keV. Images were collected using a Gatan Ultrascan
4000 charge-coupled device (CCD) at a magnification of X52,000 at
1.0-um defocus, corresponding to a pixel size of 2.07 A. Particles were
selected using interactive particle picking in EMAN2.1 image processing
suite. For each data set a phase-flipped, contrast transfer function (CTF)-
corrected stack containing ~20,000 particles was created and subjected to
reference-free two-dimensional (2D) classification to generate ~125
classes. Class averages containing multiple trimers within the particle box
size were omitted, and a representative class average for each isolate was
chosen for clarity.

BLI measurement of antibody-Env binding. Biolayer interferometry
(BLI) on an Octet red platform (ForteBio) was used to assess antigenic
profiles of new SOSIPs purified by our method. Our measurements were
performed in an assay buffer composed of phosphate-buffered saline sup-
plemented with 1% bovine serum albumin (BSA), 0.03% Tween 20, and
0.01% azide at a shake speed of 1,000 rpm and 30°C. Tip regeneration
between measurements was performed in 1 M glycine at pH 2.5. In a
typical binding experiment, antibodies of interest and SOSIPs were di-
luted in assay buffer. We diluted antibodies to 8 pwg/ml for loading onto
dip-and-read biosensors coated in anti-human IgG. We diluted SOSIP
analytes to a single concentration of 125 nM to assay association. Antige-
nicity screens were carried out as two independent replicates unless ma-
terial was limiting (PVO.4).

The area, in nanometers per second, under each association/dissocia-
tion curve was calculated using Prism (GraphPad), and a heat map was
generated based on these values to compare binding of SOSIPs to different
antibodies. A smaller panel of antibodies was used for PVO.4, for which
material was limiting. The area-under-the-curve heat map for PVO.4
binding is separated in Fig. 6 because association and dissociation times
for these experiments differed from those used in the larger panel, making
the inter-SOSIP comparison for this construct impossible at this time.

Hydrogen/deuterium-exchange mass spectrometry (HDX-MS).
Approximately 2 g of protein for each time point was incubated at 22 to
25°C (room temperature) in a buffer containing deuterium (20 mM
Na,PO, [pH 7.4], 150 mM NacCl, 0.02% sodium azide, ] mM EDTA, 85%
D,0). The time course extended from 3 s to 20 h, and samples at each time
point were incubated in duplicate. Samples were quenched by mixing 1:1
with 200 mM tris(2-chlorethyl) phosphate (TCEP)-0.02% formic acid
for a final pH of 2.5 and flash frozen in liquid nitrogen. The zero time
point was accomplished by premixing the deuterated buffer and quench
solution before addition of protein. A fully deuterated control was also
included in which denatured proteins (pretreated for 15 min at 85°Cin 1
M DTT and 3 M guanidine hydrochloride) were deuterated for 1 h at
85°C.

Liquid chromatography-mass spectrometry (LC-MS) analysis was
performed on a Waters Synapt G2-Si Q-TOF with an M class Aquity
solvent delivery system. Samples were thawed briefly on ice and immedi-
ately injected onto a Waters HDX Manager kept at 1°C. Samples were
passed over a 2.1- by 50-mm column filled with POROS-coupled pepsin
at 150 pl/min and trapped onto a BEH 2.1- by 5-mm 1.7u C, 4 trap col-
umn. Peptides were resolved over a 1- by 100-mm BEH 1.7u C,4 column
(Waters) with a linear gradient of 5% solvent B to 50% solvent B in 10 min
(solvent A, 0.1% fluoroacetic acid, 0.04% trifluoroacetic acid, and 5%
acetonitrile; solvent B, 0.1% fluoroacetic acid and 100% acetonitrile).
Source and desolvation temperatures were 70°C and 130°C, respectively,
and the StepWave ion optics settings were adjusted to minimize loss of
deuterium during ionization. Peptides were assigned from MS® measure-
ments on undeuterated samples using ProteinLynx Global Server (PLGS;
Waters Corp.) in combination with exact mass and known elution times
from previous examinations of similar SOSIP constructs. Deuterium ex-
change kinetics were analyzed using HX-express v2. Percent exchange is
reported relative to the values for the zero time point and fully deuterated
samples. One set of data was lost during processing, resulting in only a
single replicate time point for MG505, at 20 h. An internal peptide stan-
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TABLE 1 Summary of Env origins and traits

No. of

predicted

N-linked GenBank

V1/V2  glycans per  accession PubMed

Isolate Origin Transmission ~ Clade  Coreceptor  Infection  Tier length  protomer® number identifier
BG505.¢2 NBT* MTCT® A R5 Acute 2 17/46 24 ABA61516.1 16378985
MG505.e1  NBT M-F¢ A R5 Chronic NG 17/46 27 ABA61511.1 16378985
BF520.e3 NBT MTCT A R5 Acute 2 17/41 28 KX168096 27345369
BS208.b1 NBT MTCT A R5 Acute 2 13/42 22 KX364401 16378985
PVO.4 Italy M-M? B R5 Acute 2/3 29/48 32 AAWG64259.1 16051804
KNH1144  Discarded blood units ~ Unknown A R5 Chronic NC  28/44 27 AANO03143.1 12218394

from Kenyatta
National Hospital

“NBT, Nairobi Breast Feeding Clinical Trial.

? MTCT, mother-to-child-transmission.

¢ M-F, male-to-female transmission.

4 M-M, male-to-male transmission.

¢ Predicted using Los Alamos HIV sequence database N-GlycoSite software.
NG, not characterized.

dard (Pro-Pro-Pro-Ile [PPPI]) was included in each sample to control for
differences in ambient temperature at the time the experiments were per-
formed.

RESULTS

Diverse Envs engineered as SOSIP.v1 vary widely in abundances
of different conformers. We examined six HIV-1 Env variants
primarily from acute stages of infection, including both sexually
and vertically transmitted viruses (Table 1); these Envs were from
clades A and B and included a well-characterized, infant-derived
Env, BG505.¢2 (in this study in its wild-type form, lacking a glycan
modification at position 332 [38], which was introduced into
some SOSIP.v1 trimers to promote binding to glycan-specific
MADs like 2G12 [26]).

When the six SOSIPs were purified by lectin affinity chroma-
tography alone (sample analytical SEC shown in Fig. 1; analytical
data for all SOSIPs shown in Fig. 2), BN-PAGE analysis revealed
that all contained some fraction of trimer-sized species but that
the relative abundance of trimers, dimers, and monomers—
which, as glycoproteins, run heavier than expected on the native
gel, at ~700, 450, and 220 kDa, respectively—varied significantly
across the panel (BN-PAGE left of NS-EM micrograph in Fig. 2);
the amount of Env material that was aggregated and did not enter
the native gel also varied among isolates but proved difficult to
quantify by this method.

To quantify relative amounts of each Env species present after
GNL affinity chromatography, we used size exclusion chromatog-
raphy (SEC). In the SEC chromatograms shown in Fig. 2, each
elution profile could be deconvolved into 3 major overlapping
Gaussian peaks corresponding to different oligomeric Env species
(fits are shown in orange, blue, and red). The earliest-eluting peak
was composed of large aggregates eluting in the void volume of the
SEC (orange trace in Fig. 2 chromatogram). This aggregated ma-
terial contributed between 9 and 34% of the total mixture depend-
ing on the specific Env. The third peak (red trace) accounted for 19
to 38% of the concentrated protein eluting off SEC and was com-
posed of a heterogeneous mixture of monomeric and dimeric
Envs as assessed by BN-PAGE.

The middle peak in each chromatogram (blue trace in Fig. 2
chromatogram) contained the majority of NL trimer among all
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the fractions for each Env as assessed by nonreducing SDS-PAGE
and confirmed by NS-EM. For the well-characterized BG505.c2
Env, by SEC, ~53% of the total protein eluted in this peak, which
had its A,4, maximum in a position similar to that of purified NL
glycosylated SOSIP trimers (14, 26, 35) but with a broader elution
profile. In general, the other Envs had smaller amounts of protein
that eluted in this middle peak, ranging from ~35% in PVO.4 to
49% in MG505; all except MG505 were somewhat lower and sig-
nificantly broader than for BG505.c2. For BG505.¢2, on a nonre-
ducing SDS-PAGE gel, the protein in this central peak was found
to consist primarily of disulfide-bonded, cleaved gp120-gp41..,,
SOSIP protomers that run close to 140 kDa (Fig. 2B). However,

HEK293F Supernatant
(FIG2) Analytical SEC
Trim./Dim.
v Agg. Mon.

Galanthus nivalis Lectin Affinity

Anion-Exchange

(FIG 3A)
Trim./Dim./Mon.
DEAE Anion-Exchange (IEX) /\
HIC
(FIG 3B)

Trimer Dimer/Monomer

v
Hydrophobic Interaction (HIC)

SEC

(FIG 4) | Trimer

Size Exclusion
Chromatography (SEC)

FIG 1 Work flow for purification of SOSIP.v1 trimers. Stages of our prepar-
ative work flow are shown, with simulated chromatograms to the right of each
purification step. The figures in which analyses of each step are shown are
indicated.

October 2016 Volume 90 Number 20


http://www.ncbi.nlm.nih.gov/nuccore?term=ABA61516.1
http://www.ncbi.nlm.nih.gov/nuccore?term=ABA61511.1
http://www.ncbi.nlm.nih.gov/nuccore?term=KX168096
http://www.ncbi.nlm.nih.gov/nuccore?term=KX364401
http://www.ncbi.nlm.nih.gov/nuccore?term=AAW64259.1
http://www.ncbi.nlm.nih.gov/nuccore?term=AAN03143.1
http://jvi.asm.org

Epitope-Independent SOSIP Purification

.2 BG505.c2 = PVO4 2 BF520.e3 = BS208.b1 2 KNH1144 2 MG505.e1
28 Z Z Z z z
7200 - &
480 |
242 ) ~ 5
V w;y NS-EM
9 5338% 3035 35% 22 40 38 % 34 47 19% 18 47 35% 16 49 35%
5 I
[e0)
oN
>
= )
| I |
53.0mL 51.6 mL 5233 mL

Elution Volume from HiLoad 16/60 Superdex 200 Gel Filtration Column

52.5 to 57.5 mL (0.5 mL fractions)
Disulfide-linked dimer _

SOSIP protomer . = s o w - v e o
(gp120-gp4leco)

SDS PAGE

Uv280

48 54 63
Elution Volume from Superdex $200 SEC (mL)

FIG 2 (A) Characterization of trimer content after GNL affinity chromatography. We summarize our initial analysis of trimer content for each Env variant. To
the left of each NS-EM micrograph, we show BN-PAGE analyses of eluted and concentrated protein after GNL affinity chromatography with molecular mass
markers, in kilodaltons, indicated for each. These proteins were also analyzed by SEC, and analytical SEC chromatograms for proteins purified by GNL affinity
chromatography are plotted, with elution volumes of each peak maximum indicated on the bottom x axis (black SEC trace). Each GNL profile was deconvoluted
into three major peaks using Gaussian fits (orange, blue, and red), and the estimated percent that each peak contributes to the overall mixture is indicated in the
corresponding color above the traces. The peak fraction of the central, NL trimer-containing peak for each variant was further analyzed by NS-EM. Represen-
tative particles that appear structurally consistent with NL trimer are boxed in each micrograph in green. (B) SEC and nonreducing SDS-PAGE analysis of GNL
affinity chromatography-purified BG505.c2 SOSIP trimer. The SEC chromatogram profile for BG505.c2 GNL eluate is shown. Nonreducing SDS-PAGE was
performed on fractions from 52.5 to 57.5 ml eluting in the central trimer peak to determine if any fraction was free from dimeric contaminants. gp120-gp41.,,
SOSIP protomers, which run as gp140 after heating for SDS-PAGE, are labeled, as well as the dimer-contaminating material, which runs higher on the gel.

KNH1144, and MG505.el producing more particles consistent

the gel analysis also revealed that the middle SEC peak contained
with NL SOSIP Envs relative to the others such as PVO.4 and

significant, though variable, fractions of aberrantly disulfide

bonded dimeric contaminants (Fig. 2B).

NS-EM enabled us to qualitatively assess trimeric structures
present in the fraction of the central SEC peak with the maximum
A, g, absorbance for each Env. This peak trimer fraction was ob-
served to contain significant amounts of recognizable NL trimers
along with other nonnative Env species (representative trimer
structures are boxed in green in micrographs in Fig. 2A). How-
ever, the ratio of NL trimer to nonnative-appearing structures
varied among Envs, even in this peak SEC fraction, with BG505.c2,
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BF520.e3, which showed fairly low abundances of recognizable
NL trimers at this stage of purification.

DEAE weak anion-exchange chromatography removes ag-
gregated Env. Since GNL affinity chromatography alone yielded,
at best, roughly half purified NL trimer, we next tested whether an
additional ion-exchange step would help to remove aggregates
and misfolded forms of Env (refer to Fig. 1 for purification
scheme). Figure 3A shows the DEAE anion-exchange chromato-
gram (following GNL affinity purification) from our purification
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of BF520.e3 SOSIP trimer, which is representative of how all the
Envs behaved. SEC analysis of the resulting post-ion-exchange
step, BN- and SDS-PAGE analyses of the Env species, is also
shown. We observed that the NL Env population flowed through
the ion-exchange column under low-salt conditions (peak 1 in
Fig. 3A that was collected during the 100 mM NaCl isocratic-flow
stage of the chromatography run), while aggregated forms of Env
and other contaminants were retained by the column and only
eluted in high salt (peak 2 eluting in a gradient that increased the
salt concentration to 1 M NaCl). The protein from each of these
peaks was collected and subjected to analytical SEC to identify the
oligomeric species that were present in the respective peaks. The
DEAE flowthrough appeared to contain the Env species corre-
sponding to trimer, dimer, and monomer (referenced to blue and
red fitted traces in Fig. 2A SEC chromatograms). The SEC profile
for the DEAE eluate (shown in red in Fig. 3A) matched the aggre-
gated protein eluting in the void of the SEC column as observed
from the GNL affinity SEC profiles shown in Fig. 2A. When the
trimer peak fractions from the DEAE flowthrough (first peak in
blue trace Fig. 3A) were analyzed by BN-PAGE, it was clear that
this material was primarily trimeric and dimeric Env. The same
analysis of the DEAE eluate showed an aggregated smear by BN-
PAGE and extensive laddering by SDS-PAGE (Fig. 3A). We thus
found that by adding a DEAE weak anion-exchange purification
step after GNL affinity chromatography, we could separate NL
trimer and smaller Env subassemblies from a more heterogeneous
mixture of contaminants and aggregates produced by lectin affin-
ity chromatography alone.
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HIC separates native-like Env trimers from other species.
Next we tested whether hydrophobic-interaction chromatogra-
phy (HIC) applied after the DEAE ion-exchange step could fur-
ther enrich NL trimer fractions and remove contaminating dimer
and monomer fractions from the mixture of Env conformers. Fig-
ure 3B shows a representative HIC chromatogram from the puri-
fication of BF520.e3 SOSIP (second-to-last step shown in Fig. 1).
Again, two primary populations were observed following separa-
tion by a salt gradient. The early peak (blue 1 in Fig. 3B) eluted
with baseline resolution before the second eluting peak (red 2 in
Fig. 3B), which came off the column only toward the end of the
gradient. Each of these peaks was pooled and analytical SEC was
run to determine the species that were present. Peak 1 from HIC
(blue SEC trace in Fig. 3B), when passed over the SEC column, was
eluted in a narrow, symmetrical profile at the volume expected for
NL trimeric Env (~54 ml). By BN-PAGE and reducing and
nonreducing SDS-PAGE, this material appeared to consist of ho-
mogeneous, cleaved, NL trimeric Env (gel panel in Fig. 3B). When
passed through the analytical SEC column, the material from peak
2 of the HIC step was eluted as two overlapping peaks (red trace in
Fig. 3B). By BN and reducing and nonreducing SDS-PAGE, this
HIC peak 2 material appeared to contain only dimeric and mono-
meric Envs (gel panel in Fig. 3B). Based on these analyses, it be-
came clear why GNL affinity chromatography and SEC were in-
sufficient to purify SOSIP trimers to homogeneity in the analysis
in Fig. 2A. The dimeric species seen in the SEC trace of the second
HIC peak clearly coeluted with the entirety of the true NL trimer.

In contrast to the multiple, overlapping peaks that were ob-
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polydispersity distributions (seen in the case of BS208.b1 at high temperatures).

served for preparations that were processed only by lectin affinity
chromatography (Fig. 2A), when the HIC-purified early-eluting
peak for all six Envs was polished by SEC, we observed a single,
well-resolved peak consistent in breadth and retention time with
purified trimers for all Envs tested (Fig. 4A). These peaks were
eluted consistently at ~54 ml, which corresponds closely to the
predicted molecular weight of SOSIP trimers (26, 35). BN-PAGE
analysis also demonstrated that the purified SOSIP trimer prepa-
rations contained only the trimer populations, with little trace of
possible nonnative subassemblies. By NS-EM, the predominance
of NL trimer structures in the purified material was clearly evident
(Fig. 4A). When the final material was run on reducing and nonre-
ducing SDS-PAGE (representative data from BF520.e3 SOSIP are
shown in the gel panel in Fig. 3B), it was also clear that all of the
Env present was in the properly cleaved gp120-gp41 form, as the
DTT reducing agent reverted the SOSIP disulfide-bonded gp120-
gp4l to individual gp120 and gp4l subunits. These data con-
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firmed that our method successfully separated cleaved, NL trimers
from all other components of the mixture of Env assemblies pro-
duced by transient transfection in 293F cells.

Yields of NL trimers varied among isolates with BG505.c2,
MG505.e1, and KNH1144 producing 1 to 2 mg of NL trimers per
liter of transfection, which was higher than for other Envs. We
found that PVO.4 produced as little as 0.1 mg/liter, necessitating
significant scale-up to generate sufficient protein for our studies
and even then limiting the antigenicity experiments we could un-
dertake for this study. Nevertheless, even in this case, where the
fraction of NL trimers was minor, the data show that the desirable
subpopulation could be isolated and purified to homogeneity.

DLS confirms that the purified trimer material is monodis-
perse and of the expected size. Dynamic light scattering (DLS)
was used to measure the polydispersity of purified trimer prepa-
rations and the hydrodynamic radii of our HIC-purified SOSIP
trimers in solution. This method can detect small levels of aggre-

jviasm.org 9477


http://jvi.asm.org

Verkerke et al.

TABLE 2 Dynamic light scattering measurements of SOSIP.v1 trimer dimensions, purity, and thermal stability

Env Hydrodynamic radius (nm) Polydispersity (%) Molecular mass (kDa)” Temp for onset of melting (°C)

BG505.¢2 6.7 5.0 284.5 64.0

PVO.4 6.6 6.2 281.6 60.3 (3 mg/ml)

BF520.e3 6.7 4.3 292.8 63.3

BS208.b1 6.5 3.4 268.1 68.4 (temp for onset of
aggregation, 84.7)

KNHI1144 6.7 4.7 287.0 62.6

KNH1144 A162T 6.8 3.9 300.0 65.8

MG505.el 6.8 2.7 301.95 65.3

“ Molar mass derived from DLS estimates of size, density, and particle conformation.

gation and contamination that may be difficult to assess by other
methods such as BN-PAGE or SEC. All preparations showed a
polydispersity of less than 7%, indicating that the samples were
highly monodisperse and not significantly contaminated with
other oligomeric species. Hydrodynamic radii measured by DLS
ranged between 6.6 and 6.9 nm, consistent with trimer dimen-
sions observed by NS-EM (Table 2).

DLS was also used to measure the thermal stability of the var-
ious SOSIP trimers. In this case, DLS measurements were gathered
as the temperature of the thermostated sample cuvette was grad-
ually increased from 20 to 80°C. All trimers exhibited a stable
baseline and single transition onset between 60 and 70°C, consis-
tent with the thermal stability seen in previous studies of SOSIP
trimers (26, 35, 36) (representative melting curves are shown in
Fig. 4B). Following the temperature-induced transition, the ma-
jority of the samples adopted some larger form of the trimer that
subsequently appeared to aggregate, as indicated by the dramatic
increase in apparent particle dimensions above ~80°C (data not
shown). The BS208 SOSIP.v1 trimer showed a different pheno-
type in that it did not exhibit a clear onset of melting or transition
prior to aggregation at extremely high temperatures (~85°C)
(purple trace in Fig. 4B).

HDX-MS to probelocal structural order and conformational
state. We used HDX-MS to examine whether the HIC-purified
SOSIP trimers exhibited exchange profiles and local structural
organization consistent with NL trimers. The deuterium uptake
profiles for peptides covering N/C gp120 termini and V2, V3, and
gp41 segments, which are diagnostic of NL trimer formation (up-
take profiles shown in Fig. 5) (14, 17), were in excellent agreement
with previously reported data from our group for PGT145-puri-
fied BG505.c2 (T332N mutant) (4). Only subtle differences be-
tween PGT145 pure and HIC-purified material were apparent,
which likely originate from the two data sets having been collected
at different times under slightly different ambient conditions, an
effect that is apparent in the PPPI internal standard, a recombi-
nant tetrapeptide included to probe for such differences (Fig. 5).
In contrast, HDX-MS data for monomeric gp120 from BG505.c2
T332N showed a considerably less ordered profile based upon
these diagnostic peptides. The monomeric gp120 behaved in a
manner consistent with the V1/V2 and V3 lacking stabilizing in-
teractions, and the N/C termini likewise were highly dynamic in
the absence of interactions with a gp41 subunit. Among the trim-
ers, some individual segments did show isolate-specific differ-
ences such as in the case of BF520.e3, which appears to present a
more dynamic V2 loop relative to the other SOSIP trimers. The
rest of the diagnostic peptides for BF520.e3 are in excellent agree-
ment with the other trimers and indicate that the differences are
primarily localized to the V1/V2 apex.
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Monoclonal antibody recognition of HIC-purified SOSIP
trimers. Using biolayer interferometry to measure binding of the
purified trimers to IgG captured on the Octet sensors, we observed
diverse antigenic profiles for our HIC-pure SOSIP trimers against
a panel of HIV-specific MAbs with known epitopes (Fig. 6).
BG505.¢2, MGO05.e1, PVO.4, and KNH1144 bound robustly (ar-
eas under single binding curves ranging from 153 to 170 nm - s) to
V1/V2 quaternary specific antibody PGT145. Binding was lower
(7 to 19 nm - s) for BS208.b1—an Env with notably short loops at
its apex—and for KNH1144 (T162A), a mutant we purified by the
same method lacking a critical glycan for PGT145 binding.
BF520.e3 bound PGT145 with strong and rapid association and
relatively fast dissociation, likely resulting in weak affinity.

HIC-purified SOSIP trimers also showed low binding (<40
nm - s) over short periods to F105, b12, and 17b—antibodies with
epitopes that are difficult to access and bind in the NL trimeric
conformation (10) of most Env isolates studied to date. Notable
exceptions included KNH1144 and BS208.b1, which both bound
to b12 and to some extent to F105. As a negative control for Octet
BLI-monitored antibody binding we included 2F5, an membrane-
proximal external region (MPER) antibody targeting an epitope
not present in SOSIP trimers. None of the HIC-purified trimers
showed appreciable binding to this negative-control IgG.

It is important to note that timings were consistent across this
panel for association and dissociation for all variants except
PVO.4, for which limited material prevented a repeat experiment
with timing identical to that of the other curves. For this reason,
we have offset the PVO.4 binding data in Fig. 6 and compared
curves internally to only other PVO.4-Ab interactions. We also
note that a single concentration was not sufficient to rigorously
derive kinetic parameters for these interactions. While we can
conclude semiquantitatively that certain interactions are high-
level binding or low-level binding and attribute these observations
to either rapid or slow association and dissociation phases, we
cannot definitively compare similar interactions using this screen.

DISCUSSION

We present a scalable approach for purifying native-like (NL)
SOSIP trimers that does not require HIV-specific monoclonal an-
tibodies. The combination of lectin affinity, anion-exchange chro-
matography, hydrophobic-interaction chromatography, and SEC
was sufficient to separate NL trimers from nonnative conforma-
tions in preparations of SOSIPs engineered from multiple diverse
Envs, many derived from acute and transmitted/founder viruses.
Based on the level of purity obtained for these Env SOSIPs, we
propose that this approach could be used in the place of or perhaps
in addition to existing affinity methods for the purification of NL
trimeric immunogens, which have become promising candidates
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for HIV-1 vaccines. And because other modified forms of engi-
neered, soluble trimer such as “NFL” or “NFL TD” (39) and “sin-
gle-chain” (40) are likely to display similar biochemical profiles
with the hydrophilic glycan shield presented on the exterior of
natively structured assemblies, we anticipate that the purification
approach we describe will also be effective in isolating the NL
trimeric population from these recombinant systems.

In addition to applications in immunogen production, our
method enables study of variant-specific Env structural features,
which may underlie differences in antigenicity and function. Our
initial structural analysis by HDX-MS and NS-EM of this panel of
Env SOSIP trimers demonstrated that while our purified trimers
retain the closed, prefusion NL Env conformation, some specific
structural differences were identifiable, and some of these appear
to correlate with antigenic differences. By HDX-MS, the BF520.e3
trimer shared similar structural order in regions probed by most
diagnostic peptides; however, in peptides from V2, spanning 165
to 181, significant deuterium exchange was observed, suggesting
that those stretches of V2 may be more dynamic and exposed in
this trimer than in other Envs (Fig. 5). This property was accom-
panied by a distinct mode of interaction with the quaternary spe-
cific BNAb PGT145, an antibody that does not neutralize the cor-
responding BF520.e3 pseudovirus but does bind strongly to
transiently expressed Env on the surface of cells. The epitope for
PGT145 is located proximal to the V2 segment, where deuterium
uptake was rapid in this BF520.e3 trimer and we observed rapid
association— comparable to those observed for BG505.c2 and
MG505.el. The dissociation, however, was considerably faster,
suggesting that a highly specific but transient interaction was tak-
ing place, which may be attributable to a difference in Env struc-
tural dynamics in the transition of this isolate from “closed” to
“open” prefusion conformations.

Characterization of trimer organization by NS-EM also re-
vealed apparent structural differences of one Env variant,
BS208.b1, which displayed trimeric lobes that were more slender
and lacked the curved, blade-like propeller morphology seen in
the other trimers (Fig. 4A). We hypothesize that this difference
could be related to the differences in V1/V2 interactions at the
apex of the BS208.b1 trimer relative to Envs such as BG505.c2
(Table 1). BS208.b1 has relatively short V1/V2 loops, with fewer
potential N-linked glycosylation sites than the other trimers we
examined; for example, the V1 length in BS208.b1 is 13, versus 17
in BG505.c2, and the V2 length is 42, versus 46. As in the case of
the BF520.e3 SOSIP, BS208.b1 trimers interact weakly with the
antibody PGT145, suggesting that a change in organization and
presentation of the antibody’s epitope at the apex exists in
BS208.b1 trimers, despite conservation of the N160 and N156
glycosylation sites that are often targeted by this class of antibodies
(Fig. 6). The distinct morphology and variable loop organization
may also relate to the robustness of this Env to thermal perturba-
tion, where the DLS-monitored thermal melts indicated that
BS208.b1 trimers show a delayed onset of melting and aggregation
(Fig. 4B).

Because BF520.e3, BS208.b1, and KNH1144 T162A SOSIPs
have structural features that ablate or perturb high-affinity inter-
actions with the quaternary specific antibody PGT145, we propose
that these and similar Envs would be poor candidates for purifi-
cation by current PGT145-based procedures (35). In such cases,
we would predict very low yields due to low affinity or negligible
binding of these Envs to the PGT145 affinity column. We further
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FIG 6 Antigenicity of HIC pure trimers by biolayer interferometry (BLI). BLI analysis was used with a panel of HIV-1-specific neutralizing and nonneutralizing
antibodies to assess antigenicity of trimers. For each antibody-Env interaction, we show a representative binding curve (association and dissociation phases) at
125 nM SOSIP. In the section on the left, SOSIPs for which enough material was available to assess binding to the entire panel are shown (BF520.e3, BG505.c2,
MG505.e1, KNH1144 with or without N160, and BS208.b1). A heat map based on area under each binding curve, in which dark green indicates strong binding
(>150 nm - s), yellow intermediate binding (<120 nm - s), and orange to red low or no binding (80 to 2 nm - s) on a continuous scale, is also shown for this panel
to better compare these interactions. Note that BG505.¢2, which lacks the N332 glycan, is still bound by BNADbs that target this epitope, likely due to promiscuous
glycan recognition by PGT121 and PGT126 (42). For PVO.4, in the section on the right, material was limited and the association and dissociation times used for
this earlier preparation were not consistent with antigenicity data from the other SOSIPs. We therefore summarize data from this Env separately and qualitatively,
with a circled green plus sign and circled red cross sign indicating strong and low to no binding, respectively.

propose that an inability to purify by PGT145 is not necessarily
globally diagnostic of poor or deficient trimer formation. Clearly,
native and functional envelope trimers are produced for these
variants given that the corresponding pseudotyped viruses are in-
fectious (38, 41). Our results suggest that the SOSIP-modified,
soluble forms of these Env variants retain an NL trimeric struc-
ture. Our approach thus appears to have significant and broad
utility in isolating NL trimers from antigenically and phenotypi-
cally diverse Envs, including those that would be challenging to
purify using PGT145 affinity approaches.

In summary, we have developed a new method for NL Env
trimer purification that separates Env conformers based upon
their general biochemical/biophysical properties, such as surface
charge and exposure of hydrophobic patches. This procedure pro-
duces highly pure NL Env and avoids the need for using Env-
specific MAbs. With this method, we have demonstrated the ap-
plication to diverse Env trimers that retain unique structural
properties such as localized structural differences that are detect-
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able by HDX-MS. These structural differences in specific regions
within the context of overall NL trimers showed reasonable cor-
relations with antibody binding to those specific sites and
epitopes. With the ability to isolate diverse NL Env trimers, we
anticipate that it will be possible to expand our understanding of
structural, phenotypic variation in HIV-1 as well as to provide
reagents for immunogen production.
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