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ABSTRACT The envelope glycoproteins (Envs) on the surfaces of HIV-1 particles are
targeted by host antibodies. Primary HIV-1 isolates demonstrate different global sen-
sitivities to antibody neutralization; tier-1 isolates are sensitive, whereas tier-2 iso-
lates are more resistant. Single-site mutations in Env can convert tier-2 into tier-1-
like viruses. We hypothesized that such global change in neutralization sensitivity
results from weakening of intramolecular interactions that maintain Env integrity.
Three strategies commonly applied to perturb protein structure were tested for their
effects on global neutralization sensitivity: exposure to low temperature, Env-
activating ligands, and a chaotropic agent. A large panel of diverse tier-2 isolates
from clades B and C was analyzed. Incubation at 0°C, which globally weakens hydro-
phobic interactions, causes gradual and reversible exposure of the coreceptor-
binding site. In the cold-induced state, Envs progress at isolate-specific rates to un-
stable forms that are sensitive to antibody neutralization and then gradually lose
function. Agents that mimic the effects of CD4 (CD4Ms) also induce reversible struc-
tural changes to states that exhibit isolate-specific stabilities. The chaotropic agent
urea (at low concentrations) does not affect the structure or function of native Env.
However, urea efficiently perturbs metastable states induced by cold and CD4Ms
and increases their sensitivity to antibody neutralization and their inactivation rates
Therefore, chemical and physical agents can guide Env from the stable native state
to perturbation-sensitive forms and modulate their stability to bestow tier-1-like
properties on primary tier-2 strains. These concepts can be applied to enhance the
potency of vaccine-elicited antibodies and microbicides at mucosal sites of HIV-1
transmission.

IMPORTANCE An effective vaccine to prevent transmission of HIV-1 is a primary
goal of the scientific and health care communities. Vaccine-elicited antibodies target
the viral envelope glycoproteins (Envs) and can potentially inhibit infection. How-
ever, the potency of such antibodies is generally low. Single-site mutations in Env
can enhance the global sensitivity of HIV-1 to neutralization by antibodies. We found
that such a hypersensitivity phenotype can also be induced by agents that destabi-
lize protein structure. Exposure to 0°C or low concentrations of Env-activating li-
gands gradually guides Env to metastable forms that expose cryptic epitopes and
that are highly sensitive to neutralization. Low concentrations of the chaotropic
agent urea do not affect native Env but destabilize perturbed states induced by cold
or CD4Ms and increase their neutralization. The concept of enhancing antibody sen-
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sitivity by chemical agents that affect the structural stability of proteins can be ap-
plied to increase the potency of topical microbicides and vaccine-elicited antibodies.

KEYWORDS antibody neutralization, energy landscape, entry, envelope reactivity,
envelope glycoproteins, HIV-1, microbicides

The envelope glycoproteins (Envs) of human immunodeficiency virus type 1 (HIV-1)
mediate entry of the viral core into the host cell cytoplasm (1, 2). On the surfaces

of HIV-1 particles, Env is arranged as a trimer of dimers composed of three gp120
surface subunits and three gp41 transmembrane subunits. Membrane fusion is driven
by the potential energy stored in the trimer, which is released in a stepwise manner
during viral entry. Engagement of the CD4 receptor by gp120 causes a large favorable
change in enthalpy that is partially offset by an unfavorable change in entropy (3–5).
Restructuring of Env by CD4 allows engagement of the viral coreceptor, mainly CCR5
or CXCR4 (6, 7), causing additional release of energy (8). Subsequent steps in the entry
pathway, which are less well defined, culminate with significant energy release during
formation of the gp41 6-helix bundle (2). Therefore, retention of the potential energy
contained in Env until both receptor and coreceptor are available is crucial for virus
functionality. This energy is preserved by intra- and intersubunit interactions that
maintain the structural integrity of the trimer. The strength of these interactions defines
the energy barriers that prevent transitions to lower energy states, either functional or
nonfunctional. Binding to different ligands can allow Env to overcome these barriers.
For example, CD4 binding facilitates transitions to the CD4-activated state (4). Similarly,
inhibitory ligands (e.g., antibodies) can bind to Env and cause restructuring, thus
inducing transitions to nonfunctional forms (9–11).

Significant diversity exists in structural properties of Envs circulating in the popu-
lation. Such differences are reflected in their patterns of recognition by antibodies
(12–14). In addition to antigenic differences, Envs differ in their global sensitivity to
neutralization by the antibodies. Laboratory-adapted strains are generally hypersensi-
tive relative to primary patient isolates (15, 16). Primary isolates also exhibit different
levels of global sensitivity. Based on their neutralization by sera from HIV-infected
individuals, primary isolates are classified using a tiered system; tier-1 Envs are globally
sensitive, whereas tier-2 or tier-3 Envs (more commonly encountered in patients) are
more resistant (17). Single-site mutations in gp120 or gp41 can render resistant Envs
globally sensitive to antibodies (18–25).

Our previous work has shown that exposure of Envs to 0°C, which is thought to
destabilize protein structure by promoting hydration of hydrophobic residues (26, 27),
can inactivate the infectivity of some HIV-1 isolates (23, 28). Strains that are cold
sensitive are often also globally sensitive to antibody neutralization (23). These findings
suggested that the same interactions that maintain the stability of Env also regulate
global sensitivity to antibodies. We hypothesized that weakening of interactions that
maintain the structural integrity of tier-2 Envs may increase their sensitivity to antibod-
ies (i.e., render them tier-1-like). To test this hypothesis, we examined the structural and
functional effects of treatments that perturb protein structure: (i) low temperature, (ii)
a chaotropic chemical agent, and (iii) ligands that mimic the effects of the CD4 receptor.
A large panel of structurally diverse full-length Envs from clades B and C was tested. For
most isolates, exposure to 0°C induces gradual and reversible transitions to a state that
exposes otherwise cryptic epitopes. Diverse isolates differ in their rates of transition to
the cold-induced state and in their stabilities within this state, as manifested by their
progressive increase in sensitivity to antibody neutralization and gradual loss of infec-
tivity. Binding of small-molecule mimics of CD4 (CD4Ms) to Env induces rapid and
reversible transition to an “open” conformation. Envs show different stabilities in the
CD4M-induced state, manifested by different sensitivities to antibody neutralization,
coreceptor activation, and (eventually) inactivation. The chaotropic agent urea (at low
concentrations) does not affect the native Env trimer but efficiently destabilizes the
cold- and CD4M-induced states and enhances their sensitivity to neutralization by
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monoclonal antibodies (MAbs) and sera from HIV-infected individuals. Therefore, pri-
mary tier-2 strains can be rendered tier-1-like, not only by mutations or Env-specific
ligands, but also using a ligand-independent approach. Such treatments reduce the
strength of interactions that stabilize Envs and guide them to nonnative forms that are
prone to perturbations and globally sensitive to antibody neutralization.

RESULTS
Exposure to 0°C destabilizes the structure of tier-2 Envs by inducing gradual

“opening” of the trimer. The structure of Env differs among diverse HIV-1 isolates.
Accordingly, Envs also differ in the types and strengths of interactions that maintain
their integrity (23, 29). We investigated the diversity that exists among HIV-1 isolates in
their structural robustness (i.e., propensity to undergo conformational changes upon
exposure to protein-destabilizing treatments). For this purpose, we tested a panel of
antigenically diverse full-length Envs, including 10 from clade B and 11 from clade C. All
the Envs tested are classified as tier-2 isolates or exhibit tier-2-like patterns of sensitivity
to patient sera and soluble CD4 (sCD4) (30–32). Envs are derived from transmitted/
founder (T/F) viruses or from viruses isolated during the chronic phase of infection (Fig.
1A). The antigenic properties of the Envs (i.e., the integrity of specific epitopes) were
measured using probes that engage well-defined targets, including MAbs and the
CD4-Ig fusion protein. Binding of the probes to full-length cleaved Env trimers ex-
pressed on the surfaces of human osteosarcoma (HOS) cells was measured using a
cell-based enzyme-linked immunosorbent assay (ELISA) system (33). The gp160 pre-
cursor is efficiently cleaved in HOS cells (34). Accordingly, these cells express on their
surfaces primarily trimers containing the gp120 and gp41 subunits.

Exposure of some proteins to 0°C promotes the hydration of hydrophobic residues
and can result in denaturation (26, 27). We examined whether exposure to 0°C disrupts
the structure of Envs by measuring binding of different probes. For many Envs,
incubation at 0°C increased the binding of MAbs 17b, 48d, and E51, which target
otherwise cryptic epitopes that overlap the coreceptor-binding site (CoR-BS) of gp120
(Fig. 1A). Envs of diverse HIV-1 strains showed different degrees of cold-induced
enhancement of CoR-BS MAb binding, ranging from no change to more than 50-fold
increase. Binding of other CD4-induced MAbs, including 3BC176 and the V3 loop MAb
19b, was also increased at 0°C, whereas MAbs 447-52D and 39F demonstrated such
trends primarily for clade B. Enhanced exposure of the CoR-BS at 0°C was also
associated with increased binding of CD4-Ig. For other MAbs, cold generally exerted a
uniform effect on the different Envs. No association was observed between the binding
efficiency of probes at 25°C and their sensitivity to structural changes (data not shown).

We examined the progression of conformational changes at 0°C (Fig. 1B). Monitored
over the course of 4.5 h, the Envs demonstrated different rates of increase in binding
of MAb 17b; some reached maximal binding after 1.5 h at 0°C, whereas others
continued to increase after that time. Relative to the significant changes in MAb 17b,
binding of CD4-Ig and MAb b12 showed little change over time. In contrast to
membrane-bound Env trimers, the structure of soluble gp120 monomers was unaf-
fected after 6 h of incubation at 0°C (Fig. 1C).

We examined the reversibility of the cold-induced conformational changes. For this
purpose, Env-expressing cells were incubated at 0°C for 2 h, followed by reequilibration
to 37°C and measurement of MAb binding. We found that the conformational changes
induced at 0°C were reversible. (Fig. 1D). To determine whether changes at 0°C were
caused by the effects of cold on the antibody or Env, we used glutaraldehyde to fix the
conformations of Env sampled at 0°C or 37°C and then examined the binding of the
probes at a uniform temperature of 37°C (10, 22, 34). The frequency at which Env
samples the binding-competent state for a given probe can be estimated by the ratio
between the value for probe binding to fixed Env and the value for nonfixed Env (10,
22, 34). For most isolates, the sampling frequency of the 17b epitope was very low at
37°C and dramatically increased at 0°C (Fig. 1E). Return of the samples to 37°C after
exposure to 0°C caused reversion of the sampling frequency to the low levels measured
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FIG 1 Exposure of the membrane-bound Env trimer to 0°C induces gradual and reversible restructuring and inactivates virus infectivity. (A) Effect of cold
on binding of MAbs. Full-length Envs of T/F and chronic-phase (Chr.) viruses were transiently expressed on HOS cells. Samples were incubated with the
indicated MAbs or CD4-Ig at 0°C or 37°C for 45 min, and binding was measured by cell-based ELISA. The values represent ratios between binding at 0°C
and 37°C (green, high; red, low). “���” indicates high binding at 0°C but no binding at 37°C. Gray shading signifies no binding at either temperature.
The sensitivity of each isolate to cold inactivation (1/IT50; h) is indicated and color coded (blue, sensitive; white, resistant). The right column indicates
P values for a Spearman correlation between the IT50s of Envs and their cold-induced change in MAb binding. (B) Rates of cold-induced exposure of Env

(Continued on next page)
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without cold exposure. Isolate 7040-10028 exhibited high sampling frequency of the
17b epitope at 37°C, which was maintained constant during and after cold treatment.
Thus, the changes in MAb 17b binding and sampling frequency are generally reversible.
Cold also increased the sampling frequency of the CD4-Ig epitope for most Envs (Fig.
1E). The sampling frequency of the trimer-dependent PG16 epitope was reduced at 0°C.
However, the changes were not fully reversible for the cold-sensitive isolates. Such
changes in PG16 were not observed in steady-state binding experiments at 0°C (Fig.
1A). Therefore, cold can induce an irreversible change to a conformational state that
exhibits reduced sampling of the PG16 epitope. In this state, occupancy of conforma-
tions that can bind PG16 may be sufficient to allow engagement of this MAb under
steady-state conditions.

We examined whether cold-induced restructuring was associated with changes in
the fusion potential of Env. Viruses were incubated at 0°C for different times and then
added to CD4� CCR5� cells to measure residual infectivity. The incubation time at 0°C
required to reduce infectivity by 50% is defined as the half-life at 0°C (IT50) of each
isolate. A wide range of sensitivities were observed, with IT50 values as low as 1 h (Fig.
1F). Strong correlations were found between the structural change induced at 0°C (i.e.,
the fold increase in exposure of CoR-BS epitopes) and the functional stability at 0°C (i.e.,
1/IT50) (e.g., correlations in Fig. 1A, top row and right column).

We use HOS cells for antigenic profiling of Env trimers. These cells express primarily
processed Env (i.e., gp120 and gp41 subunits) on their surfaces, whereas most other cell
lines typically express uncleaved gp160 molecules (34). Viruses for our infectivity tests
were produced in 293T cells. We compared the cold-induced structural changes of Envs
expressed on HOS and 293T cells using 11 isolates and observed similar inducibility
patterns (P � 0.016 in a Spearman correlation test) (data not shown). Furthermore,
viruses produced in HOS and 293T cells show similar sensitivities to cold inactivation
(IT50s, 24 and 18 h, respectively, for AD8). Therefore, Envs expressed on HOS and 293T
cells show similar sensitivities to the structural and functional effects of cold.

In summary, exposure to 0°C disrupts interactions that maintain the structural
integrity of membrane-bound trimers and induces gradual and mostly reversible
conformational changes. Cold-induced restructuring is associated with gradual inacti-
vation of Env function. Diverse tier-2 isolates show different propensities to undergo
cold-induced restructuring and inactivation. These isolate-specific effects likely reflect
the diversity in number and type of interactions that maintain Env in the native
(unliganded) state.

Env sensitivity to cold inactivation is determined by the propensity to undergo
structural changes and by the stability of the induced state. The data presented in
Fig. 1 suggested that conformational changes induced at 0°C may precede loss of
function. For example, exposure of the 17b epitope was increased significantly for
isolates 7040-10207 and 7040-10028 after 1 h at 0°C (Fig. 1A), whereas infectivity
remained unaltered even after 4 h at 0°C (Fig. 1F). We performed a side-by-side analysis
of the isolates to examine this apparent lag. Four-hour exposure to 0°C enhanced 17b
binding to many Envs (Fig. 2A, bottom). These conformational changes corresponded
well to inactivation at 24 h, but not at 4 h (Fig. 2A, top). In some cases, Envs exhibited
significant changes in structure but no loss of function even after 24 h (e.g., isolate

FIG 1 Legend (Continued)
epitopes. Probe binding to Env-expressing HOS cells was measured after incubation at 0°C for 1.5 or 4.5 h. Binding is expressed relative to that of samples
incubated at 37°C. (C) Effect of cold on binding of MAbs to soluble gp120 of strain 89.6. Samples were incubated for 6 h at 0°C with the MAbs,
immunoprecipitated, and analyzed by Western blotting. The data represent the intensity of the gp120 band quantified by densitometry. (D) Cold-induced
Env restructuring is reversible. HOS cells expressing the indicated Envs were incubated at 0°C for 2 h, reequilibrated to 37°C, and then incubated with
probes. The Env labels are color coded by their sensitivity to cold-induced CoR-BS exposure. (E) Cold induces reversible changes in sampling frequencies
of epitopes. HOS cells expressing the indicated Envs were incubated at 37°C or 0°C and fixed with glutaraldehyde at the same temperature. In addition,
some samples were incubated at 0°C prior to fixation at 37°C. Glutaraldehyde activity was quenched, and binding of probes was measured for all the
samples (fixed and nonfixed) at 37°C. The values represent ratios between binding of each probe to fixed and nonfixed samples. (F) Cold-induced
inactivation of Env. Viruses were incubated for different times at 0°C and then added to cells at 37°C to quantify residual infectivity. The values represent
measured luciferase activity expressed as a percentage of that measured for samples not treated with cold. P values were determined by a two-tailed
test. The error bars indicate standard errors of the mean (SEM).

Energy Landscape of HIV-1 Env Journal of Virology

August 2017 Volume 91 Issue 15 e00174-17 jvi.asm.org 5

http://jvi.asm.org


7030-10217). These data suggest that some isolates are more stable in the cold-induced
state.

We compared the degree of CoR-BS exposure in the native state (i.e., Env openness)
with Env sensitivity to cold-induced structural changes. At 37°C, binding of 17b varied
between Envs (Fig. 2B). Binding efficiency at 37°C was not associated with the effects
of cold on binding or with Env sensitivity to cold inactivation (represented by the line
color); Envs resistant to cold inactivation (red lines) displayed different degrees of
openness at 37°C.

The different binding efficiencies of 17b to these genetically diverse Envs could
result from different integrities of the epitope (rather than their exposure). We therefore
performed the above-described tests in a set of closely matched variants of a single
HIV-1 strain, which differ in their sensitivity to cold. The chimeric simian-human
immunodeficiency virus (SHIV) strain 89.6 was created with a SIVmac239 backbone that

FIG 2 Sensitivity to cold inactivation is determined by the propensity of Envs to undergo structural changes
at 0°C and by the stability of the induced state. (A) Restructuring of Env precedes changes in function. The
effects of incubation at 0°C on binding of MAb 17b (bottom) and virus infectivity (top) were compared for
the indicated Envs. Binding and infectivity are expressed as the fold change in values relative to samples
incubated at 37°C. (B) Effect of cold on MAb 17b binding to Envs. The sensitivity of each Env to inactivation
at 0°C is represented by the color of the line (red, resistant; yellow, intermediate; green, sensitive). The data
describe the absolute binding efficiency of MAb 17b (in relative light units [RLU]). (C) Variants of 89.6 Env
tested in this study. Differences in sequence between 89.6 and KB9 Envs are shown. Vertical bars represent
mutations introduced to revert sequence to the amino acid found in the similarly colored Env (89.6, blue;
KB9, pink). (D) Cold-induced inactivation of virus containing variants of the 89.6 Env. (E) Relationship
between binding of MAb 17b to Envs at 37°C and 0°C. To correct for differences in Env expression between
variants, binding of MAb 17b was normalized to binding of MAb 2G12. The sensitivity of Envs to inactivation
at 0°C is represented by the color of the lines (red, resistant; green, sensitive). (F) Rates of cold-induced
exposure of CoR-BS. Probe binding to Env-expressing HOS cells incubated at 0°C for the indicated times is
shown. Binding is expressed relative to that of samples incubated at 37°C.
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was modified to include the Env of HIV-189.6. SHIV89.6 was nonpathogenic in rhesus
macaques, but serial passage in this host gave rise to the pathogenic SHIVKB9, which
induces rapid depletion of CD4� T cells and AIDS-like disease (35, 36). Comparison of
the sequences of 89.6 and KB9 Envs revealed only 12 amino acid differences in gp120
and gp41 (Fig. 2C), 2 of which were associated with the increased pathogenicity of KB9:
(i) Arg to Glu at position 305 of the V3 loop and (ii) Met to Ile at position 225 of the
gp120 inner domain (35, 37). The two changes also increase resistance of 89.6 Env to
cold inactivation (38), suggesting a possible association between the cold sensitivity of
Env and viral pathogenicity. We tested 89.6 variants that contained different combina-
tions of 89.6 and KB9 sequences for the effects of cold. As expected, the variants
differed in their sensitivity to cold inactivation (Fig. 2D). To determine if the Envs also
differ in their sensitivity to cold-induced structural changes, we measured binding of
MAb 17b. For increased accuracy, binding of this probe to the Envs was normalized for
the expression level of each Env, which was quantified by the binding efficiency of MAb
2G12 (39). The epitope of MAb 2G12 is unaffected by changes at the positions that
differentiate the 89.6 and KB9 Envs (Fig. 2C) (40). We found that at 37°C, binding of MAb
17b to the variants was relatively uniform (Fig. 2E). However, exposure to cold caused
different structural changes in the variants. Similar to the panel of tier-2 isolates, the
cold-induced increase in 17b binding correlated with Env sensitivity to inactivation at
0°C (P � 0.019; Spearman correlation test). A significant lag was observed between the
occurrence of structural changes and inactivation at 0°C. For example, the cold-resistant
89.6(225I, 305E) Env achieved near-maximal exposure of the CoR-BS after incubation at
0°C for 3.5 h, whereas no loss of infectivity was observed at this time point (compare
Fig. 2D and F). These findings support the notion that exposure to cold induces gradual
rearrangement of the trimer; continued exposure to this structure-perturbing treat-
ment causes progressive loss of Env function.

The metastable state induced by cold is sensitive to neutralization by antibod-
ies. The decreased functional stability of Envs in the cold-induced state suggested that
such Envs could be more sensitive to the perturbing effects of antibodies. We therefore
tested neutralization of a closely matched pair of 89.6 variants that differ in their
propensities to assume this state and in their stabilities within it. The cold-sensitive
wild-type 89.6 Env and the cold-resistant 89.6(225I, 305E) mutant were examined. Two
different pools of serum (PS) from HIV-1 infected individuals and different MAbs were
tested. Isolated exposure (for 2 h) of virus containing 89.6 Env to 0°C, PS(A), or PS(B)
inhibited infection by 1.7-, 15-, or 9-fold, respectively (Fig. 3A). However, we observed
that simultaneous exposure to 0°C and PS(A) or PS(B) inhibited infection by 91- or
40-fold, respectively. Synergy between the effects of cold (C) and inhibitor (I) on
infection (SynI,C) is defined as follows:

SynC,I � �EC,I� ⁄ �EC · EI� (1)

where EC,I is the measured effect (reduction of infectivity) induced by simultaneous
treatment of virus with cold and inhibitor, and EC and EI are the measured effects of
treating virus with cold and antibody separately. Thus, coexposure of virus to these
treatments for a brief (2-h) period induced moderate 3.7- and 2.6-fold synergistic effects
(indicated by green circles in Fig. 3A). The neutralization potency of MAbs that target
CD4-induced epitopes was also mildly enhanced by brief exposure to 0°C, including the
V3 loop binding MAbs 447-52D and 19b and the CoR-BS MAbs 17b and 48d. For other
inhibitors tested, neutralization potency was not enhanced by exposure to cold. This
pattern is consistent with the epitopes that undergo changes at 0°C (Fig. 1A). Similar to
the structural changes induced by cold, the state of increased sensitivity to neutraliza-
tion was also reversible; exposure of virus to 0°C followed by reequilibration to 25°C
before incubation with antibody resulted in a neutralization profile similar to that of
virus not exposed to cold (Fig. 3B).

We also tested the effects of cold on neutralization of the cold-resistant 89.6(225I,
305E) Env. At 37°C, virus containing 89.6(225I, 305E) Env was more resistant to neu-
tralization by PS and MAbs than wild-type 89.6 Env (Fig. 3A and C) (23, 41). After
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exposure to 0°C for 2 h, the neutralization sensitivity of 89.6(225I, 305E) was not
significantly increased (Fig. 3C). However, when the incubation time at 0°C was
extended, we observed a dramatic increase in neutralization (e.g., sensitivity to MAb
447-52D was increased �230-fold when incubation at 0°C was extended to 48 h)
(Fig. 3D).

Therefore, exposure of 89.6(225I, 305E) Env to cold induces exposure of the
CoR-BS that progresses over �4 h (Fig. 2F). In this cold-induced conformation,
viruses gradually increase in their sensitivity to antibodies; at 50 h, most viruses are
still functional (IT50 � 84 h), but in a neutralization-sensitive form (90% are
neutralized by MAb 17b, whereas no neutralization is observed without cold expo-
sure). These results suggest that cold induces relatively rapid conformational changes,
followed by gradual acquisition of antibody sensitivity and finally inactivation of
function. These effects of cold are similar to the changes caused by CD4Ms (42–44). This
likeness prompted us to compare the above-mentioned effects with the structural and
functional changes induced by CD4Ms.

Stability of Envs in the CD4M-induced state determines their sensitivity to
inhibition by these agents. Ligands that mimic the effects of CD4 inhibit HIV-1
infection. Such agents include soluble forms of CD4 (44–48), peptides (49), and small
molecules (33, 42). CD4Ms display a range of affinities, from the low-micromolar
affinities of the first CD4Ms synthesized (42) to the low-nanomolar affinities of sCD4 and
recent small-molecule agents (50). High-affinity CD4Ms or high concentrations of
lower-affinity CD4Ms induce formation of the HR1 coiled coil (33). This activated state
is unstable and gradually decays at isolate-specific rates. CD4Ms can also inactivate
some HIV-1 isolates at lower concentrations that do not induce irreversible exposure of
the HR1 coiled coil. We examined two CD4Ms, the high-affinity sCD4 and the lower-
affinity synthetic small-molecule agent JRC-II-191 (molecular mass, 355 daltons), which

FIG 3 The metastable states induced at 0°C show increased sensitivity to antibody neutralization. (A) Effect of brief
exposure to cold on sensitivity of viruses containing 89.6 Env to neutralization. Viruses were incubated at 0°C or
37°C in the absence or presence of the indicated inhibitors (MAbs or polyclonal pooled sera from HIV-infected
individuals) for 2 h and then added to the cells to measure residual infectivity. Infection is presented as the fold
change relative to untreated virus. The green circles represent the calculated synergistic effect between cold and
inhibitor (equation 1). The concentrations of all inhibitors used in neutralization assays are provided in Materials
and Methods. (B) Reversibility of the effect of cold on HIV-1 neutralization by PS(A) and MAb 447-52D. Viruses were
incubated for 1 h with antibody at 0°C, 25°C, or 25°C after 1-h exposure to 0°C. Samples were then added to CD4�

CCR5� cells and further cultured at 37°C for 3 days to measure infectivity. (C) Effect of brief (2-h) exposure to 0°C
on neutralization sensitivity of viruses containing 89.6(225I, 305E) Env, as shown in panel A. (D) Neutralization of
virus containing the cold-resistant 89.6(225I, 305E) Env increases with incubation time at 0°C. Viruses were
incubated with MAb 17b, MAb 447-52D, or no antibody at 0°C for the indicated times and then added to cells to
measure residual infectivity.
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FIG 4 The conformational state induced by CD4Ms demonstrates isolate-specific stabilities. (A and B) Effects of sCD4 and JRC-II-191 on structure
and function of Env. HOS cells expressing the indicated Envs were incubated for 1 h at 37°C with MAb 17b in the presence of JRC-II-191 or sCD4
(Bottom). Changes in 17b binding relative to samples not containing CD4Ms (Top). In addition, viruses containing these Envs were incubated with
cells in the absence or presence of sCD4 or JRC-II-191 for 6 h. The cells were then washed and further incubated to measure the residual infectivity
of CD4M-treated virus relative to untreated virus. (C) Relationship between binding of MAb 17b to Envs in the absence and presence of JRC-II-191.
The lines are color coded according to the sensitivity of each Env to inactivation by JRC-II-191 (red, resistant; green, sensitive). (D) Reversibility
of structural changes induced by CD4Ms. HOS cells expressing 89.6 Env were incubated with MAb 17b and JRC-II-191 or sCD4. Alternatively, some
samples were first incubated with the CD4M, which was then removed and MAb 17b was added. The data represent changes in binding of MAb
17b relative to samples incubated without CD4Ms. (E) Effect of JRC-II-191 on infection of CD4� CCR5� cells. Viruses containing the indicated Envs
were spinoculated onto cells at 10°C and then incubated for 2 h at 37°C in the absence or presence of JRC-II-191. The cells were then washed,
and infectivity was measured 3 days later. The dashed lines represent infectivity measured in the same experiment by untreated virus bound to
CD4� CCR5� cells. (F) Effect of JRC-II-191 on neutralization by PS and MAb 17b. Viruses containing the indicated Envs were added to cells in the
presence of JRC-II-191 (4 �M), PS, or both for 6 h at 37°C. The cells were then washed and further incubated to measure residual infectivity. The
blue triangles represent the calculated synergistic effects between JRC-II-191 and PS or MAb 17b. (G) Synergy between the effects of cold and
JRC-II-191. Viruses were exposed to 0°C, JRC-II-191 (4 �M), or both for 2 h and then added to cells to measure residual infectivity. The values in
the x axis represent the calculated products of the inhibitory effects of each treatment separately. The values in the y axis describe the measured
effect on infectivity of virus exposed to both treatments simultaneously.
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is an analog of the compound NBD-556 (42, 51). The effects of sCD4 and JRC-II-191 on
the structures and functions of seven Envs were tested. For all the Envs, sCD4 increased
exposure of the CoR-BS and reduced virus infectivity by 2- to 281-fold (Fig. 4A). The
lower-affinity JRC-II-191 (binding affinity of 0.76 �M to soluble gp120 of HIV-1 YU2
strain) also increased exposure of the CoR-BS for all the Envs (Fig. 4B). However, in
several cases, the conformational change was not accompanied by loss of Env function,
particularly at 4 �M. For example, JRC-II-191 increased binding of 17b to both 89.6 and
89.6(225I, 305E) by 4- and 11-fold, respectively. However, wild-type 89.6 was efficiently
inactivated at 4 �M, whereas the infectivity of the mutant was unaffected at that
concentration. These differences suggest that sensitivity to CD4Ms is also determined
by stability within the induced state(s). This hypothesis was supported by the finding
that CoR-BS exposure for the 1058-11 Env were similar at JRC-II-191 concentrations of
4 and 10 �M, but inactivation was �12-fold higher at 10 �M. Furthermore, several Envs
showed similar structural changes induced by JRC-II-191 but different sensitivities to
inactivation by the agent (marked by line color in Fig. 4C). The degree of initial Env
“openness” did not correspond to CD4M-induced structural changes or functional
inactivation (i.e., regardless of initial 17b binding, all the isolates underwent structural
changes). Therefore, CD4Ms effectively induce structural changes to forms that exhibit
isolate-specific stabilities; application of additional pressure (i.e., higher CD4M concen-
trations) induces inactivation of diverse Envs to different extents.

We tested the reversibility of the structural changes induced by the CD4Ms (Fig. 4D).
At a low concentration, the effect of JRC-II-191 was fully reversible; removal of the agent
before addition of 17b resulted in the return of Env to a “closed” conformation. At
higher JRC-II-191 concentrations, structural changes were only partially reversible,
suggesting that some Envs transitioned to a state that constitutively exposes the
CoR-BS. The higher-affinity sCD4 showed partial reversibility at low concentrations and
complete irreversibility at higher concentrations (Fig. 4D, bottom).

In addition to different sensitivities to inactivation by JRC-II-191, 89.6 and 89.6(225I,
305E) Envs differed in their abilities to utilize the agent to infect CD4� cells. Viruses
were prebound to CD4� CCR5� cells and then incubated with different concentrations
of JRC-II-191. In the absence of the CD4M, no significant infection of the CD4� cells by
either Env was observed (Fig. 4E). Addition of JRC-II-191 increased infection by both
viruses in a dose-dependent manner to levels close to the infectivity of the CD4�

CCR5� cells (indicated by dashed lines). Viruses containing 89.6 Env were responsive to
significantly lower concentrations of the agent than 89.6(225I, 305E).

CD4Ms can increase HIV-1 sensitivity to patient plasma (52). We examined whether
the 89.6 variants also differ in their sensitivity to JRC-II-191-mediated enhancement of
neutralization. Wild-type 89.6 Env showed CD4M-mediated enhancement of neutral-
ization by PS and MAb 17b (Fig. 4F). In contrast, variant 89.6(225I, 305E), which is more
stable in the CD4M-induced state, showed little synergy between JRC-II-191 and PS or
MAb 17b (Fig. 4F). Therefore, the two 89.6 variants show similar structural changes
induced by CD4Ms. However, the wild-type Env is more readily rendered sensitive to
antibody neutralization and responsive to coreceptor. In contrast, the structurally
induced 89.6(225I, 305E) variant is more resistant to antibodies and coreceptor and
requires higher concentrations of the CD4Ms to induce such a sensitive form.

The functional stability of the CD4M-induced state could be further reduced by cold
treatment. Viruses containing different Envs were exposed to 0°C, JRC-II-191, or both
treatments simultaneously, and infectivity was measured (Fig. 4G). For many Envs,
JRC-II-191 and 0°C acted synergistically (i.e., inhibition by simultaneous treatment with
JRC-II-191 and 0°C was greater than the calculated product of inhibition by treatment
with JRC-II-191 or 0°C alone). For example, treatment of 89.6 Env with JRC-II-191 or 0°C
alone resulted in 8.6- or 1.3-fold inhibition, whereas combined treatment reduced
infectivity by 138-fold, representing a 12-fold synergistic effect. Diverse isolates dem-
onstrated a range of synergies between these treatments, from �1-fold (i.e., no
synergistic effect) to 160-fold.
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In summary, at low concentrations or affinities, CD4Ms induce reversible transitions
of Env to nonnative states. Different tier-2 isolates show comparable propensities to
undergo restructuring by JRC-II-191 and expose the CoR-BS. However, the structurally
induced Envs then show isolate-specific propensities for loss of fusion competence,
sensitivity to antibody neutralization, and entry into CD4� cells. Increased concentra-
tions of CD4Ms promote transitions from the (stable) structurally induced form to a
perturbation-sensitive form. Such transitions can be enhanced by exposure to addi-
tional protein-destabilizing treatments (e.g., cold), implying that the observed moder-
ate increases in antibody sensitivity could be further augmented.

Exposure to low concentrations of the chaotropic agent urea enhances inac-
tivation of the metastable states induced by CD4Ms and cold. The above-
mentioned data show that the neutralization sensitivity of tier-2 Envs can be increased
by induction of metastable nonnative states, which appear to be dynamic and change
over the course of time (for cold) or concentrations of the agent (for CD4Ms). We
examined whether such effects can be achieved by chemical treatment. The chaotropic
agent urea disrupts hydrogen bonds that stabilize protein structure (53, 54). At con-
centrations above 0.5 M, urea inactivates different HIV-1 isolates to similar extents (55).
We examined whether at lower concentrations urea can induce destabilizing changes
similar to those caused by cold. Exposure of cells to low concentrations of urea (�0.3
M) for 6 h was not associated with toxicity (Fig. 5A). The infectivity of the different
isolates was also not affected significantly at this concentration (Fig. 5B). However, urea
enhanced the inactivating potency of JRC-II-191 by up to 7-fold. Urea-mediated en-
hancement of JRC-II-191 inactivation depends on the sensitivity of each isolate to this
CD4M (Fig. 5B, inset). Interestingly, in contrast to the effects of cold or CD4Ms, urea
does not increase exposure of the CoR-BS on native Envs (Fig. 5C).

The fact that urea enhanced inactivation by JRC-II-191 but did not affect the
structure or function of the native Env suggested that (at this concentration) it may
destabilize only nonnative states. We examined whether urea also affects the state
induced by cold. Viruses were incubated at 0°C for different time periods in the absence
or presence of urea, and the changes in infectivity were measured. We observed that
urea enhanced inactivation of cold-inducible Envs by up to 31-fold (Fig. 5D). Envs that
showed gradual structural changes due to cold (e.g., ZM249M [Fig. 1B]) also showed
urea-mediated enhancement of inactivation only after extended incubation times at
0°C. Consistent with the notion that urea (at these concentrations) affects only meta-
stable states, removal of the destabilizing treatment (cold or CD4Ms) prior to urea
exposure eliminated the inactivation-enhancing effects of the agent (Fig. 5E).

We examined the effects of Env destabilization (by urea or cold) on CD4M-mediated
infection of CD4� cells. Exposure of cell-bound virus containing wild-type 89.6 Env to
0°C increased infection of CD4� cells (albeit to a limited extent). Treatment with
JRC-II-191 at 0°C reduced infectivity relative to that at 37°C, likely due to simultaneous
inactivation. In contrast, the cold-resistant Env 89.6(225I, 305E) showed similar levels of
infection at 0°C and 37°C in the presence of JRC-II-191. Exposure to urea in the presence
of JRC-II-191 enhanced infection of CD4� cells by �2-fold for the two Envs.

Taken together, these findings suggest that exposure to low, nontoxic concentra-
tions of urea does not affect the structure or function of the native Env trimer. However,
urea can enhance inactivation of metastable forms of Env induced by cold or CD4Ms.

Env-destabilizing treatments act synergistically to enhance neutralization of
tier-2 viruses by antibodies. We examined whether urea can act synergistically with
treatments that mobilize Env to metastable states to enhance antibody sensitivity.
Mutations in the tier-2 Env 89.6 at positions 225 and 305 increased resistance to
cold-induced structural changes (Fig. 2E) and antibody neutralization (i.e., rendered the
Env tier-3-like) (Fig. 3C). Greater destabilization pressure (e.g., by extended exposure to
0°C) enhanced neutralization of this stable variant (Fig. 3D). We examined whether urea
can perturb the metastable forms induced by cold to increase the sensitivity of this
resistant virus to antibodies. The individual effects of 0°C, urea, and the CD4-induced
MAbs 17b and 447-52D were measured. MAbs 17b and 447-52D alone showed minimal
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or no neutralization (Fig. 6A, bottom). Similarly, urea and 0°C alone did not significantly
alter the infectivity of this stable Env. We then measured the reduction in infectivity
induced by simultaneous exposure to all possible pairs of treatments (cold, urea, and
inhibitors) and calculated the synergistic effects between them (Fig. 6A, Venn diagram,
and equation 1). We also calculated the synergistic effect associated with exposure to
the three treatments (SynU,I,C) based on the following expression:

log�EU,I,C� � log�EU� � log�EI� � log�EC� � log�SynU,I� � log�SynU,C� � log�SynI,C�
� log�SynU,I,C� (2)

where EU,I,C is the measured effect (fold reduction in infectivity) of simultaneous
treatment by urea, inhibitor (e.g., antibody), and cold, and EU, EI, and EC are the
measured effects of isolated treatment with urea, inhibitor, or cold. All values were
log10 transformed for visualization of their additive effects in a stacked bar graph
format. We found that the (log) sum contribution of synergistic effects to inhibition (Fig.
6A, top) was significantly greater than the individual effects of the treatments. For

FIG 5 Low concentrations of urea perturb the metastable states induced by cold and CD4Ms but not the native state of Env. (A) Effect of urea
on viability of Cf2Th CD4� CCR5� cells measured using an ATP-based assay. The data are presented as fractions of viability in samples incubated
without urea. (B) Effects of urea and JRC-II-191 on infectivity. Viruses containing the indicated Envs were added to cells in the presence of urea,
JRC-II-191 (4 �M), or both for 6 h at 37°C. The cells were then washed and further incubated to measure residual infectivity. The inset shows a
correlation between the JRC-II-191-mediated inhibition of each isolate and the synergy it exhibited for the combined use of urea and JRC-II-191.
(C) Effects of urea, JRC-II-191, and cold on CoR-BS exposure. The data represent the fold change in binding of MAb 17b relative to samples
incubated at 37°C without urea or JRC-II-191. The change in 17b binding induced after 1 h at 0°C is shown for comparison. (D) Urea enhances
inactivation of cold-induced Envs. Viruses containing the indicated Envs were incubated at 0°C in the absence or presence of urea for 0.5, 2, or
8 h and then equilibrated to 37°C. Samples were subsequently added to cells and incubated for 6 h. The cells were then washed, and infectivity
was measured 3 days later. The graphs are color coded by Env sensitivity to cold-induced structural changes (red, resistant; yellow, intermediate;
green, sensitive). (E) Reversibility of the effects of JRC-II-191 and cold on urea-mediated inactivation. Viruses containing 89.6 Env were exposed
to 0°C or JRC-II-191 (4 �M) in the absence or presence of urea for 2 h. To test reversibility, the viruses were first exposed to 0°C or JRC-II-191 for
2 h, followed by removal of the treatment and incubation with urea for 2 h. As controls, some samples were treated with urea prior to addition
of JRC-II-191. (F) Effect of urea or cold on JRC-II-191-induced infection of CD4� CCR5� cells. Viruses were spinoculated onto CD4� CCR5� cells
at 10°C and then incubated for 2 h at 37°C or 0°C in the absence or presence of urea and JRC-II-191. The cells were then equilibrated to 37°C
and washed, and infectivity was measured 3 days later. Data that describe infection at 37°C are also shown in Fig. 4E. The dashed lines represent
infectivity measured in the same experiment by untreated virus bound to CD4� CCR5� cells. The error bars indicate SEM.
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example, simultaneous exposure to 0°C, urea, and MAb 17b resulted in 341-fold
inhibition relative to an expected inhibition of 1.12-fold based on the calculated
product of their individual effects. Synergistic effects associated with urea accounted
for up to �50% of the overall inhibition (166-fold for MAb 17b). Therefore, the
combination of urea and cold-mediated destabilization can render a neutralization-
resistant tier-3-like Env sensitive to these antibodies.

We examined whether urea can also act synergistically with CD4Ms to enhance
neutralization of tier-2 HIV-1 isolates. Inhibition of 89.6 by individual or combined
treatment with JRC-II-191, urea, and different inhibitors (MAbs, T20, or PS) was mea-
sured. As expected, urea alone did not inhibit infection, whereas JRC-II-191 alone
exerted a 3-fold inhibitory effect (Fig. 6B, bottom). Inhibition by the MAbs or T20 alone
ranged between no effect and �3-fold inhibition. Synergy between JRC-II-191 and the
CD4-induced antibodies accounted for �50% of the overall inhibitory effect, and the
contribution of urea to synergy amounted to up to 50% of the total synergistic effect
(representing �19-fold enhancement of inhibition). As expected, inhibition by T20 was
not enhanced by urea, supporting the notion that this chemical agent does not
efficiently promote transition to a fully activated state that contains a formed HR1
coiled coil. However, urea enhanced neutralization by both PS samples, accounting for
�50% of the total synergistic effect (representing �10-fold enhancement of inhibition)
(Fig. 6C).

We examined the effects of urea on neutralization of three additional tier-2 isolates
and the tier-3-like mutant 89.6(225I, 305E) (Fig. 6D). Urea enhanced neutralization of
isolate 1058-11 by MAb 17b and PS by 58- and 23-fold, respectively. In contrast, at this
concentration of JRC-II-191 (4 �M), the enhancing effects of urea were relatively limited

FIG 6 Synergy between Env-destabilizing treatments enhances virus sensitivity to neutralization. (A) Enhancement of antibody neutralization by
cold, urea, and their combination. Viruses containing 89.6(225I, 305E) Env were treated for 8 h with all possible combinations of cold, urea, or the
indicated inhibitors (Venn diagram) and then added to cells to measure residual infectivity. The fold inactivation induced by each treatment and
the calculated synergistic effects were determined as described in equation 1 and equation 2 and are expressed as their log10 values. The color
coding of each section of the bars corresponds to that of the treatment combination shown in the Venn diagram. (B and C) Effects of urea,
JRC-II-191, and their combination on HIV-1 neutralization. Viruses containing 89.6 Env were incubated with cells in the absence or presence of
urea, JRC-II-191 (4 �M), and the indicated inhibitors for 6 h. The cells were then washed and further cultured to measure infectivity. Calculations
were performed as described for panel A. (D) Effects of urea on antibody-mediated neutralization of different Envs. Viruses containing the
indicated Envs were incubated with urea, JRC-II-191 (4 �M), and inhibitor (either MAb 17b or PS). The fold reduction in infection relative to
samples similarly treated but without urea is shown (i.e., EU,I,J/EI,J). (E) Synergistic effects between urea and JRC-II-191. Synergy between treatments
was calculated as described in equation 1. The data represent averages of at least two independent experiments. (F) Urea-mediated enhancement
of antibody neutralization increases with the JRC-II-191 concentration. Viruses containing 89.6(225I, 305E) were added to cells in the presence of
urea, MAb 17b, or PS and different concentrations of JRC-II-191 as described for panel B. The data represent fold changes in infectivity relative
to untreated samples. The error bars indicate SEM.
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for isolates PRB956 and 89.6(225I, 305E) and completely absent for isolate WEAU-d15.
The data presented in Fig. 3D and 4B, which show that higher concentrations of
JRC-II-191 or extended cold incubation times can enhance inactivation even after
maximal structural effects are achieved, suggested that increased CD4M “pressure” may
further destabilize Env. We therefore examined whether higher concentrations of
JRC-II-191 could augment the effects of urea. We found that for wild-type 89.6 Env,
urea-mediated synergy peaked at 20 �M, whereas for isolate 89.6(225I, 305E), urea-
associated synergy continued to increase at higher JRC-II-191 concentrations (Fig. 6E).
Consequently, neutralization of this stable tier-3-like Env was enhanced 72- or 167-fold
when exposed to JRC-II-191 (at 12 �M), urea, and MAb 17b or PS, respectively (Fig. 6F).
Therefore, the antibody sensitivity of tier-2- or tier-3-like Envs can be enhanced by
increasing induction pressure to assume a perturbation-sensitive form (by extended
incubation at 0°C or higher concentrations of CD4Ms) in association with urea-
mediated destabilization.

DISCUSSION
Architecture of the energy landscape of Env. A large amount of potential energy

is stored within the functional Env trimer and is harnessed to drive fusion between viral
and cell membranes. This energy is retained by intramolecular interactions that main-
tain the integrity of the trimer and prevent changes to other conformations. The
strength of these interactions defines the height of the energy barriers that keep Env
in the native state (Fig. 7). Engagement of receptor or coreceptor disrupts specific

FIG 7 Model of the energy landscape of HIV-1 Env. Native (cleaved and unliganded) Env trimers on the surfaces of HIV-1 particles potentially
sample different conformations; at equilibrium, the sampling frequency of each conformation is determined by its free energy. The structural
integrity of native and nonnative states is maintained by intramolecular interactions that create energy barriers and prevent changes to other
forms, functional or nonfunctional. The stability of the states is thus determined by the strength of such interactions (i.e., the height of the
activation barriers) and the presence of agents that can allow Envs to negotiate them. In diverse HIV-1 strains, different interactions prevent
transitions (T) between states, accounting for the diverse patterns of responsiveness to Env-perturbing agents (represented by similarly colored
barriers connecting states). Engagement of CD4Ms and coreceptor facilitates transitions to states along the activation pathway (directed to the
right in the schematic). Env can also change to nonfunctional forms. Incubation at 0°C or engagement of CD4Ms can induce changes to states
that expose the CoR-BS. Increased exposure to these agents facilitates transitions to sensitized forms, which are more readily neutralized by
antibodies and eventually inactivate in a spontaneous manner. Such changes occur at isolate-specific rates and are reversible; removal of the
CD4Ms or cold allows Env to return to the closed functional native state. The chaotropic agent urea perturbs the unstable forms induced by cold
or CD4Ms and enhances their sensitivity to antibodies and their rate of spontaneous inactivation (dashed lines). CD4M-sensitized Envs are
responsive to coreceptor (i.e., they can infect CD4� cells); at the range of concentrations applied in the study, transition to the sensitized form
is reversible. Higher concentrations of CD4Ms induce irreversible changes to a state characterized by formation of the HR1 coiled coil, which is
unstable and rapidly decays (within minutes) to a nonfunctional form unless coreceptor is engaged (33).
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interactions and allows Env to negotiate the barriers, facilitating transitions to defined
intermediates along the activation pathway (4, 5, 8). Engagement of antibodies can also
induce loss of energy by promoting changes to nonfunctional forms. Evolutionary
selection of viruses with high infectivity and resistance to host antibodies dictates the
requirement for conformational and functional stability of the native state. Disruption
of barriers by mutations (22, 23, 56) or ligands (57) facilitates Env transfer between
states (Fig. 7, numbered transitions [T]). The range of conformations that Envs can
assume, the strengths of the interactions that maintain the integrity of each state, the
conditions that facilitate transitions, and the reversibility of the changes define the
architecture of the energy landscape of Env. We examined the effect of disrupting Env
stability by three types of treatment: (i) cold, which globally weakens hydrophobic
interactions; (ii) the chaotropic agent urea, which has local effects on interactions
accessible to the chemical and the surrounding water shell (53, 54); and (iii) CD4Ms,
which disrupt specific Env interactions. All three approaches modulate interactions that
maintain trimer integrity (globally or locally), facilitating Env transitions to and between
nonnative states. Such induced states are more sensitive to perturbations (e.g., anti-
body inactivation or coreceptor activation) and spontaneous loss of function.

Resistance of the robust native Env to structure-destabilizing treatments. From

the time of proteolytic cleavage in the producer cell to form the mature trimer, Env is
maintained in the native state. Stability of the native state would presumably benefit
HIV-1, since the time between virus budding and encounter with a CD4 receptor on a
target cell (within the same host or during transmission) can extend over several hours.
Therefore, the barriers should not be easily negotiated in a spontaneous manner.
Properties of Envs circulating in the population are determined by their effects on virus
fitness and resistance to antibodies and by constraints imposed during virus transmis-
sion (30–32, 58). The fact that native Env is unaffected by low concentrations of urea
(both structurally and functionally [Fig. 7, T1]) may reflect the low-level (but extended)
exposure of the virus to this denaturing chemical in semen (�18 mM in human seminal
plasma) (59). The urea-resistant nature of the native state may allow retention of Env
functionality under these conditions. In contrast, cold affects both surface-exposed and
cryptic elements. “Globally perturbing” pressure similar to that induced by cold is likely
not applied on Env in vivo. Nevertheless, our data suggest that structural robustness
(i.e., resistance to structural changes) and functional stability (resistance to neutraliza-
tion) are likely associated with the strength of cold-sensitive interactions that maintain
trimer integrity. Indeed, our studies in a rhesus macaque model of HIV-1 infection
indicate that cold-sensitive viruses rapidly acquire resistance to cold exposure over the
course of infection (38), likely due to association of the phenotype with antibody
sensitivity (23).

Metastable, perturbation-sensitive states induced by cold and CD4Ms. At 0°C,

the Env trimer undergoes gradual rearrangement to a state characterized by increased
exposure of the CoR-BS and decreased sampling of trimer-specific epitopes (Fig. 7, T2).
Diverse tier-2 isolates have different propensities to undergo structural changes at 0°C,
likely reflecting the strength (and/or number) of interactions that prevent such
changes. If the pressure is relieved, many Envs can resume native structure and
function. Accordingly, the cold-induced state is positioned at a higher energy level
than the native state (Fig. 7). Such reversibility appears to be complete for the CoR-BS
epitopes, although some residual changes (e.g., decreased sampling of trimer-
dependent epitopes) may persist after return to 37°C. In the cold-induced open form,
Env is functionally stable and resistant to antibody neutralization. Application of
extended pressure (i.e., exposure time at 0°C) likely facilitates disruption of additional
interactions and induces gradual change (T3) to a second (unstable) form that is
sensitive to antibody neutralization (T4). The fact that changes in structure (Fig. 2F)
precede the neutralization-sensitive form (Fig. 3D), which in turn precedes inactivation
of function (Fig. 2D, and T5 in Fig. 7), suggests that Env assumes at least two
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phenotypically distinct forms upon exposure to cold: a functional and stable (“in-
duced”) form followed by a functional but perturbation-sensitive (“sensitized”) form.

Similar to the effects of cold, exposure to low concentrations of CD4Ms induces a
reversible transition (T6) to a conformational form that exhibits increased exposure of
the CoR-BS. For some Envs, such changes are not accompanied by enhanced sensitivity
to neutralization and spontaneous inactivation (Fig. 4B and E). Higher concentrations of
CD4Ms promote transition (T7) to a form that exhibits enhanced neutralization sensi-
tivity (T8), fusion with CD4� cells (T11), and spontaneous inactivation (T9) (Fig. 4B and
E and 6E). Therefore, our findings also distinguish between (at least) two CD4M-induced
forms; one functional (induced) and the other functional but unstable (sensitized). The
propensity for transition between these states is isolate specific; 89.6 Env is more
amenable to such changes, whereas 89.6(225I, 305E) is more resistant.

Both CD4M-induced forms are reversible; removal of the agent allows Env to resume
native structure and function. In contrast, CD4M-induced transitions to the fully acti-
vated state (T10), which contains a formed HR1 coiled coil (60) and is committed to the
activation pathway, are associated with significant restructuring of the trimer and are
thus irreversible (2). The latter state is short-lived and decays within minutes (T12) to an
inactive form unless CoR is engaged, allowing Env to proceed along the entry pathway
(T13) (33). Formation of this activated intermediate requires concentrations of CD4Ms
significantly higher than those applied in our study (a minimal JRC-II-191 concentration
of �100 �M) (33). The fact that the low concentrations of CD4Ms applied in our study
do not induce formation of the fully activated intermediate is also suggested by the
reversibility of the observed effects (Fig. 4D and 5E) and by the absence of T20
inhibition enhancement (Fig. 6B).

The states induced at 0°C appear to be distinct from the CD4M-induced pathway.
First, stabilities in the two states differ for many Envs. For example, Env WEAU-d15 is
rapidly induced and inactivated by cold but is not inactivated in the open state induced
by JRC-II-191 (Fig. 2A and 4B). Second, the states induced by cold and CD4Ms differ in
their abilities to mediate CD4-independent infection; cold facilitates entry into CD4�

cells inefficiently, even for 89.6 Env (�1% of infection induced by CD4Ms) (Fig. 5F).
A recent study has suggested that different occupancy levels of the three Env

protomers by CD4Ms define different functionally activated forms, as measured by the
ability to mediate entry into CD4� cells (57). Here, we show that different treatments
that destabilize Env structure can induce transitions to different Env forms that dem-
onstrate distinct phenotypes. The four forms we describe may indeed correspond to
different levels of Env protomer occupancy: the native state, structurally induced but
stable (single occupancy), structurally induced and unstable (double occupancy), and
irreversibly induced and fully activated (triple occupancy). Importantly, we show here
that transitions among these forms can be controlled by agents that perturb the
structure of proteins, allowing us to increase the sensitivity of the virus to neutraliza-
tion.

Intrinsic reactivity of HIV-1 Envs. Single-site mutations in gp120 or gp41 can

increase the global sensitivity of Env to neutralization, often without changing the
binding efficiencies of the antibodies (18–21, 61). Therefore, the responsiveness to the
bound antibody also determines the outcome of the virus-antibody interaction (22).
Such mutations likely facilitate Env transitions to forms that contain lower barriers for
inactivation. Our results suggest that Env destabilization by chemical or temperature
treatment acts in a similar manner, by inducing increased responsiveness to perturba-
tions. For example, urea does not increase binding of MAb 17b in the absence or
presence of cold or CD4Ms (Fig. 5C and data not shown) but enhances neutralization
by the MAb in the presence of cold or CD4Ms by up to 166- and 58-fold, respectively
(Fig. 6A and B). Therefore, global responsiveness to the bound antibody is increased,
suggesting that a tier-1-like phenotype can also be induced by treatments that mobilize
Env from the native state to perturbation-sensitive forms (compare the heights of the
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energy barriers that prevent antibody neutralization from the native state (T1) with
those of similar barriers from the nonnative states (T4 and T8).

Hypersensitivity to antibodies is often associated with increased sensitivity to inac-
tivation by cold and CD4Ms and increased responsiveness to coreceptor (manifested by
infection of CD4� cells). This cluster of phenotypes collectively typifies HIV-1 Envs with
high reactivity (23, 38, 56). Here, we observed that these reactivity-related phenotypes
are more tightly associated in the context of closely matched Envs. For example,
mutations at positions 225 and 305 of the tier-2 Env 89.6 increase the stability of native
Env, as reflected by resistance to cold-induced structural changes (Fig. 2) and neutral-
ization (Fig. 3A and C). This “hyperstabilized” Env also shows enhanced stability of the
CD4M-induced state (manifested by resistance to urea-mediated inactivation) (Fig. 5B
and 6F) and stability of the cold-induced state (manifested by absence of CD4� cell
infection and urea-mediated inactivation) (Fig. 5F and 6E). Therefore, for the 89.6 panel
of Envs, interactions that control sensitivity to antibodies, CD4Ms, cold, and urea
overlap. For the diverse panel of isolates from clades B and C, the association between
these phenotypes is less pronounced. For example, whereas sensitivities to structural
changes by cold and CD4Ms are correlated (P � 0.04; Spearman correlation test),
isolates can differ in their sensitivity to the two treatments. Isolate WEAU-d15 is
sensitive to inactivation by cold but not by CD4Ms, whereas the opposite relationship
is observed for isolate 7048-09221. Therefore, the sensitivities of Env interactions to
each perturbing treatment (CD4Ms, cold, and antibody) overlap but still contain unique
(isolate-specific) elements. The presence of a global perturbation sensitivity pattern is
determined by this overlap. Accordingly, whereas the energy landscape in Fig. 7 is
represented by a collection of states separated by isolate-specific barriers (implying that
the barriers are independent of each other), a more accurate representation would
acknowledge the potential association between them.

Enhancement of HIV-1 neutralization by facilitating Env transitions to
perturbation-sensitive states and their destabilization. Infection or vaccination
often elicits low-potency antibodies that target relatively cryptic epitopes (22, 62, 63).
Our data show that Env-destabilizing treatments can significantly increase neutraliza-
tion by such antibodies. The fact that pooled sera from HIV-infected patients are
enhanced suggests that antibody types normally elicited by infection can be rendered
more potent. Neutralization of tier-3-like Envs [e.g., 89.6(225I, 305E)] can be significantly
augmented in this manner by increasing Env transitions to perturbation-sensitive
forms.

A wide range of inactivating agents have been tested as topical microbicides to
prevent sexual transmission of HIV-1. Such agents include CCR5 inhibitors (64, 65),
CD4Ms or other high-affinity Env-targeting ligands (66), and chemicals that directly
inactivate virus (67). The efficacy of many inhibitors is hindered by the structural
diversity of Envs circulating in the population. We describe a novel approach that is
based on mobilization of Envs from the native state to metastable perturbation-
sensitive forms. Thus, rather than direct inactivation of Env, this approach enhances the
potency of other effectors (e.g., vaccine-elicited mucosal antibodies or topical micro-
bicides). The conserved nature of many cryptic Env epitopes contributes to the efficacy
of this strategy in inhibiting otherwise globally resistant (higher-tier) viruses. By broad-
ening the range of chemical agents, we can likely further increase the potency of
microbicides and antibodies elicited by vaccination.

MATERIALS AND METHODS
Antibodies and CD4-mimetic agents. The MAbs indicated below were obtained through the NIH

AIDS Reagent Program, Division of AIDS, NIAID, NIH. MAbs 447-52D and 39F, which target the V3 loop
of Env, were contributed by Susan Zolla-Pazner and James Robinson, respectively (9, 68). James Robinson
also provided MAbs 17b, 48d, and E51, which recognize gp120 epitopes that are induced by CD4 binding
(44). MAb 10E8, which targets the membrane-proximal ectodomain region (MPER) of gp41 was contrib-
uted by Mark Connors (69). Hermann Katinger provided MAb 2G12, which targets a carbohydrate-
dependent gp120 epitope (40), and MAb 2F5, which recognizes the MPER of gp41 (70). MAb IgG1 b12,
which recognizes the CD4-binding site of gp120 (71, 72), was a kind gift from Dennis Burton. The
International AIDS Vaccine Initiative (IAVI) Neutralizing Antibody Consortium kindly provided MAbs PG9
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and PG16, which target trimer-dependent epitopes, and MAbs PGT121, PGT126, and PGT128 antibodies,
which recognize glycan-dependent epitopes on gp120 (73–75). The nonneutralizing MAb F240 recog-
nizes a nonhelical hydrophobic region on the gp41 ectodomain (76). MAb 7B2 recognizes the cluster I
region of gp41 (77). MAb b6, which targets a CD4-BS epitope, was kindly provided by Peter Kwong (78).
Plasmids encoding the heavy and light chains of MAb 3BC176 were kindly provided by Michel Nussen-
zweig; the MAb was purified as previously described (79). The CD4-Ig fusion protein is composed of the
Fc region of human IgG1 linked to two copies of the first two N-terminal domains of the CD4 molecule.
The CD4-Ig protein was produced and purified as previously described (60). Four-domain sCD4, which
contains a 6-His tag, was purified using nickel-nitrilotriacetic acid (NTA) beads from the culture medium
of a 293F producer cell line (80). The HIV-inhibitory peptide T20, which binds to the HR1 coiled coil of
gp41, was provided by Trimeris/Roche through the NIH AIDS Reagent Program. The CD4-mimetic
small-molecule inhibitor JRC-II-191 was synthesized by Joel Courter and Amos B. Smith III (42). Two
separate pools of sera were generated, each from 16 different HIV-infected individuals, and heat
inactivated at 55°C for 30 min before use.

Envelope glycoprotein constructs. The Envs of HIV-1 isolate 89.6 and its variants were expressed
from the pSVIIIenv plasmid under the control of the HIV-1 long terminal repeat (LTR) promoter (81). The
construct was generated by replacing the KpnI(6347)-BamHI(8475) fragment of the above-mentioned
plasmid with that of 89.6 (accession number U39362). Env amino acid numbering is based on positions
in the HXBc2 strain (82). Mutations were introduced into the pSVIIIenv vector expressing the Envs by
site-directed mutagenesis using the PfuUltra Hotstart PCR master mix (Stratagene) and the DpnI
restriction enzyme. Complete sequencing of the entire Env gene was performed to verify that only the
desired mutations were introduced.

A panel of Envs derived from transmitted/founder viruses or from viruses from chronically infected
individuals were isolated as previously described (83, 84). The following clade C Envs were tested in this
study (abbreviated isolate names and accession numbers are in parentheses): ZM414_200414_8 (ZM414,
GU329416), 706010018_2E3 (7060-10018, FJ444047), 704010207_D11 (7040-10207, JQ777073),
704010028_F6 (7040-10028, JQ777039), 703010217_B6 (7030-10217, FJ443589), ZM249M-B10 (ZM249M,
EU166862), 707010457.e10 (7070-10457, JQ779128), 703010167_w8_e15 (7030-10167, KC156213),
704809221_1B3 (7048-09221, FJ444116), 4403_A18 (4403, HM070677), and 702010432_w4_e16 (7020-
10432, JQ779232). The clade B Envs tested in this study were WEAUd15.410.5017 (WEAU-d15, EU289202),
89.6 (89.6, U39362), 9010-09.A1.4924 (9010-09, EU575771), 700010040.C9.4520 (7000-10040, EU576418),
1058-11.B11.1550 (1058-11, AY331295), PRB956-04.B22.4267 (PRB956, EU576603), 1018-10.A5.1732
(1018-10, EU575091), 1053-07.B15.1648 (1053-07, EU575201), THRO.F4.2026 (THRO EU577077), and
CH77E_flC7 (CH77E FJ496005). A list of all the Envs included in this study with accession numbers,
antigenicity patterns at 25°C, and cold inducibility values can be found at http://www.haimlab.com/
datasets. To improve the expression of these proteins, the entire Env gene and flanking regions (see
below) were amplified from the original pCDNA3.1 expression vector and cloned into the pSVIIIenv
vector using the InFusion system (Clontech). The primers used for amplifying the Envs of clade B viruses
were Env5in and Env3in (85). For amplification and cloning of the Envs of clade C viruses, we used
primers EnvA (5=-GGCTTAGGCATCTCCTATGGCAGGAAGAA-3=; nucleotides 5954 to 5982) and EnvN (5=-
CTGCCAATCAGGGAAGTAGCCTTGTGT-3=; nucleotides 9145 to 9171).

Preparation of recombinant luciferase-expressing viruses. Single-round, recombinant HIV-1 that
expresses the luciferase gene was generated by transfection of human embryonic kidney (HEK) 293T cells
(obtained from the American Type Culture Collection) using JetPrime transfection reagent (Polyplus).
Briefly, cells were seeded in 6-well plates (8.5 � 105 cells per well) and transfected the next day with 0.4
�g of the HIV-1 packaging construct pCMVΔP1ΔenvpA, 1.2 �g of the firefly luciferase-expressing
construct pHIvec2.luc, 0.4 �g of a plasmid expressing HIV-1 Env, and 0.2 �g of a plasmid expressing HIV-1
Rev. The next day, the transfection medium was changed to culture medium (Dulbecco’s modified
Eagle’s medium [DMEM]-10% fetal bovine serum [FBS]). Virus-containing supernatants were collected on
the following day, cleared of cell debris by low-speed centrifugation, and filtered through 0.45-�m filters.
For virus samples that were subsequently attached to protein-binding plates, virus-containing prepara-
tions were first pelleted by ultracentrifugation at 100,000 � g for 2 h at 10°C and resuspended in
phosphate-buffered saline (PBS). All the samples were then snap-frozen on dry ice immersed in ethanol
for 15 min and stored at �80°C until use.

Infection by recombinant luciferase-expressing virus and antibody neutralization assays. Canis
familiaris thymus (Cf2Th) normal cells (obtained from the NIH AIDS Reagent Program) expressing CD4
and CCR5 (Cf2Th CD4� CCR5�) or only CCR5 (Cf2Th CD4� CCR5�) were used as target cells for measuring
infection. Approximately 5 h before infection, the target cells were detached from culture plates using
PBS containing 7.5 mM EDTA and seeded in 96- or 384-well luminometer-compatible plates (at a density
of 4.5 � 103 or 1.8 � 103 cells per well, respectively). For neutralization assays, virus preparations were
incubated on ice or at 37°C in the absence or presence of the inhibitor for 2 h. Unless otherwise indicated,
all neutralization assays were conducted using the following concentrations of inhibitors: PS(A) and PS(B),
1:50 dilution; PS(C) and PS(D), 1:200 dilution; 447-52d and 19b, 2 �g/ml; 10E8 and VRC01, 5 �g/ml; 17b,
3BC176, and 48d, 8 �g/ml; 2G12 and b12, 0.5 �g/ml; T20, 150 nM. Samples were then added to CD4�

CCR5� cells, which were incubated for 3 days to allow infection. In experiments that examined the effect
of urea on infection, cells were incubated with inhibitor (in the absence or presence of urea) for 6 h at
37°C. The cells were then washed and further cultured for 3 days. To measure infection, the medium was
removed, and the cells were lysed with passive lysis buffer (Promega) and subjected to three freeze-thaw
cycles. To measure luciferase activity, 100 �l of luciferin buffer (15 mM MgSO4, 15 mM KPO4 [pH 7.8], 1
mM ATP, and 1 mM dithiothreitol) and 50 �l of 1 mM D-luciferin potassium salt (Syd Laboratories, MA)
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were added to each sample in 96-well plates (30 �l and 15 �l for samples in 384-well plates).
Luminescence was recorded using a Synergy H1 microplate reader (BioTek Instruments). The synergistic
effects between two- and three-treatment combinations were calculated as described by equation 1 and
equation 2, respectively.

Virus sensitivity to cold inactivation. Recombinant viruses were generated as described above,
diluted, and divided into aliquots (one sample for each prospective time point). All the samples were
then snap-frozen on dry ice immersed in ethanol for 15 min and stored at �80°C. This freezing method
significantly reduces virus inactivation during freezing/thawing. At different time points, the samples
were thawed by incubation in a 37°C water bath for 2 min and then placed on ice. The last sample
thawed was not incubated on ice. All the virus samples were then placed in a 37°C water bath for 2 min
and added to Cf2Th CD4� CCR5� cells. Three days later, the cells were lysed and assayed for luciferase
activity as described above.

Activation of cell-bound virus. To measure activation of HIV-1 infection by cold and urea, recom-
binant viruses were suspended in DMEM-10% FBS supplemented with 20 mM HEPES, pH 7.3. The viruses
were then spinoculated onto confluent monolayers of CD4� CCR5� or CD4� CCR5� cells (cultured in
96-well plates) at 10°C for 2 h at 2,000 rpm. To test the effects of cold, the samples were then placed on
ice or at 25°C for 2 or 4 h and then reequilibrated to 37°C. To test the effect of urea, postspinoculation,
samples were incubated for 2 h at 37°C in the absence or presence of urea (250 mM). The culture medium
was then replaced by DMEM-10% FBS equilibrated to 37°C, and the samples were further cultured for 3
days for infectivity using the luciferase activity.

Reversibility of the JRC-II-191-induced activated state. To measure the reversibility of urea-
enhanced inactivation of the JRC-II-191-induced state, recombinant viruses suspended in PBS were
bound to 96-well protein-binding plates (PerkinElmer) by spinoculation for 2 h at 10°C. The plates were
then blocked with DMEM-10% FBS supplemented with 20 mM HEPES (pH 7.3) for 2 h. Plate-bound viruses
were incubated in the absence or presence of JRC-II-191 for 2 h, followed by removal of JRC-II-191 and
incubation with 225 mM urea or 30 mM NaCl as a control for an additional 2 h. As controls, some viruses
were first incubated with 225 mM urea or 30 mM NaCl for 2 h, followed by removal of the agent and
addition of JRC-II-191 for 2 h. Samples were then washed with DMEM-10% FBS, and Cf2Th CD4� CCR5�

cells (1.8 � 103 per well) were added and cultured for 3 days before luciferase activity was measured.
Cell-based ELISA to measure binding of probes to cell surface-expressed Envs. Binding of

antibodies and CD4-Ig to HIV-1 Env trimers expressed on HOS cells was measured using a modified
protocol of the cell-based ELISA system described previously (22, 85). Briefly, HOS cells were seeded in
96-well plates (1.2 � 104 cells per well) and transfected after 6 h with 60 ng of plasmid expressing the
Env, 6 ng of Rev-expressing plasmid, and 12 ng of Tat-expressing plasmid per well using 0.18 �l per well
of JetPrime (Polyplus Inc.) transfection reagent. For experiments performed in 384-well plates, each well
contained 4.5 � 103 cells, which were transfected with 26 ng of Env-expressing plasmid and 5.5 ng of
a Tat-expressing plasmid using 0.08 �l JetPrime reagent. In all the experiments, a negative-control
plasmid that contained a stop mutation in amino acid position 46 of Env (according to standard HXBc2
numbering [82]) was used to determine background binding to the cells. Three days after transfection,
the cells were washed twice with blocking buffer (20 mg/ml bovine serum albumin [BSA], 1.8 mM CaCl2,
1 mM MgCl2, 25 mM Tris, pH 7.5, and 140 mM NaCl) and incubated with the probes in blocking buffer
for 45 min. Unless otherwise indicated, all MAbs were added at 0.5 �g/ml, whereas CD4-Ig was added
at 2 �g/ml. In some cases, antibodies were incubated with Env-expressing cells at 0°C or at 37°C. For this
purpose, the cells were first equilibrated to 0°C by incubation on ice for 15 min, followed by addition of
ice-cold blocking buffer containing the MAbs for 45 min. All the samples were then washed twice with
blocking buffer equilibrated to the same temperature as that containing the primary antibody and 6
times with blocking buffer equilibrated to room temperature. Samples were then incubated with a
horseradish peroxidase (HRP)-conjugated goat anti-human IgG polyclonal antibody preparation for 45
min. The cells were subsequently washed 6 times with blocking buffer and 6 times with washing buffer
(140 mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, and 20 mM Tris, pH 7.5). HRP enzyme activity was determined
after the addition of 35 �l per well of a 1:1 mixture of SuperSignal West Pico chemiluminescent peroxide
and luminol enhancer solutions (Thermo Scientific) supplemented with 150 mM NaCl. Samples in
384-well plates were incubated with 25 �l of the reagent mixture. Light emission was measured with a
Synergy H1 microplate reader.

Glutaraldehyde fixation of cell surface Env. The sampling frequencies of different Env epitopes
were measured during or after exposure of the Env-expressing cells to 0°C. For this purpose, HOS cells
were transfected with Env constructs and 3 days later were fixed using glutaraldehyde, as previously
described (22, 34). Briefly, the cells were first equilibrated to the desired temperature, washed 3 times
with fixation buffer (140 mM NaCl, 1.8 mM CaCl2, 1 mM MgCl2, and 10 mM HEPES, pH 7.4), and then
incubated for 15 min with fixation buffer (adjusted to the desired temperature) containing 5 mM
glutaraldehyde. As controls, some samples were incubated with fixation buffer with no glutaraldehyde
added. Glutaraldehyde activity was halted by addition of 50 mM glycine in fixation buffer, which was
added to all samples. The cells were then washed twice with fixation buffer containing 25 mM glycine,
twice with fixation buffer containing 12.5 mM glycine, and then twice with washing buffer. Subsequently,
fixed and nonfixed samples were examined for binding of antibodies using the cell-based ELISA method
described above.

Effect of cold on antibody binding to soluble gp120. HEK293T cells were seeded in 6-well plates
(1 � 106 cells/well) and transfected the next day with plasmids that expressed full-length Env and Tat (1.2
and 0.3 �g/well, respectively) using Lipofectamine LTX transfection reagent (Invitrogen). On the follow-
ing day, the culture medium was replaced by Pro293sCDM serum-free medium (Lonza) supplemented
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with 10 �g/ml penicillin-streptomycin solution and 2 mM glutamine. The cells were incubated at 37°C
for 2 days before the medium was harvested and cleared of cells and debris by centrifugation (2,000 �
g for 5 min at room temperature), followed by filtration (0.45-�m-pore-size filter). Supernatants contain-
ing shed gp120 were then incubated at 25°C or 0°C for 7 h in the presence of MAb 17b or PGT128 (2
�g/ml). Protein A-Sepharose beads were then added in a total volume of 500 �l and further incubated
for 2 h at 25°C to precipitate the antibody-bound gp120. The beads were then washed once with
Pro293sCDM medium, three times with NP-40 buffer, and once with Tris-NaCl buffer (0.15 M NaCl, 10 mM
Tris, pH 7.5). Subsequently, the beads were boiled in sample buffer containing 4 mM �-mercaptoethanol
for 10 min. The precipitated proteins were separated by SDS-PAGE and blotted onto a polyvinylidene
difluoride (PVDF) membrane. Western blots were probed with pooled sera from HIV-infected individuals
and detected using HRP-conjugated goat anti-human IgG polyclonal antibody. Band intensity was
quantified by densitometry using ImageLab 5.2.1 software (Bio-Rad).

Effect of urea on cell viability. Cf2Th CD4� CCR5� cells cultured in 96-well plates (1.8 � 103 cells
per well) were incubated at 37°C in DMEM-10% FBS supplemented with different concentrations of urea
or with 30 mM NaCl as a control. After 6 or 15 h, the cells were washed twice with DMEM-10% FBS and
further cultured for 3 days. The culture medium was then removed, and 100 �l of CellTiter-Glo
luminescent viability assay reagent (Promega) was added to each well. Samples were then incubated for
10 min, and luminescence was detected using a Synergy H1 luminometer, which reflects the ATP content
of the samples as a measure of cell culture viability.
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