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The human immunodeficiency virus type 1 (HIV-1) envelope glycoprotein trimer consists of gp120 and gp41
subunits and undergoes a series of conformational changes upon binding to the receptors, CD4 and CCR5/
CXCR4, that promote virus entry. Surprisingly, we found that the envelope glycoproteins of some HIV-1 strains
are functionally inactivated by prolonged incubation on ice. Serial exposure of HIV-1 to extremes of temper-
ature, followed by expansion of replication-competent viruses, allowed selection of a temperature-resistant
virus. The envelope glycoproteins of this virus resisted cold inactivation due to a single passage-associated
change, H66N, in the gp120 exterior envelope glycoprotein. Histidine 66 is located within the gp41-interactive
inner domain of gp120 and, in other studies, has been shown to decrease the sampling of the CD4-bound
conformation by unliganded gp120. Substituting asparagine or other amino acid residues for histidine 66 in
cold-sensitive HIV-1 envelope glycoproteins resulted in cold-stable phenotypes. Cold inactivation of the HIV-1
envelope glycoproteins occurred even at high pH, indicating that protonation of histidine 66 is not necessary
for this process. Increased exposure of epitopes in the ectodomain of the gp41 transmembrane envelope
glycoprotein accompanied cold inactivation, but shedding of gp120 did not. An amino acid change in gp120
(S375W) that promotes the CD4-bound state or treatment with soluble CD4 or a small-molecule CD4 mimic
resulted in increased cold sensitivity. These results indicate that the CD4-bound intermediate of the HIV-1
envelope glycoproteins is cold labile; avoiding the CD4-bound state increases temperature stability.

Human immunodeficiency virus type 1 (HIV-1) is an envel-
oped virus that, like all retroviruses, contains two copies of
genomic RNA and several enzymes required for viral replica-
tion (5). One of these enzymes, reverse transcriptase (RT),
converts the viral RNA into DNA in the cytoplasm of the
newly infected cell (4, 66). HIV-1 entry into target cells is
mediated by the viral envelope glycoproteins, which are assem-
bled into a trimeric complex on the virion surface (39, 48).
Previous studies identified RT and the envelope glycoproteins
as the HIV-1 components most vulnerable to inactivation by
high temperature (38).

In infected, virus-producing cells, the HIV-1 envelope gly-
coproteins are synthesized as an approximately 860-amino-acid
precursor. This precursor is extensively glycosylated to produce
the gp160 envelope glycoprotein, which assembles into trimeric
complexes. Proteolytic cleavage of gp160 creates the gp120
exterior envelope glycoprotein and the gp41 transmembrane
envelope glycoprotein. The three gp120 envelope glycopro-
teins in the trimeric complex associate noncovalently with the
gp41 envelope glycoproteins, which are anchored in the mem-
brane. Following the conversion of a subset of the glycan res-

idues to complex carbohydrates, the trimeric envelope glyco-
protein complex is transported to the cell surface, from which
it may be incorporated into the membranes of budding virions
(3, 8, 9, 20, 43, 70).

HIV-1 entry involves the viral envelope glycoproteins and
receptors on the target cell surface. The receptor CD4 and
chemokine receptor CCR5 or CXCR4 are recognized by gp120
(11–13, 15, 19, 33). Receptor binding triggers conformational
changes in the envelope glycoprotein complex that eventually
promote the fusion of the viral and target cell membranes, a
process that is essential for virus entry and that is mediated by
the gp41 transmembrane glycoproteins. In this manner, the
high potential energy of the unliganded HIV-1 envelope gly-
coprotein complex is channeled via multiple metastable inter-
mediate states into the force required to fuse the membranes
of virus and target cell (16, 44, 71, 73).

Under some circumstances, the HIV-1 envelope glycopro-
tein complex undergoes inactivating conformational changes.
For example, soluble forms of the CD4 receptor (sCD4), in
addition to competing for target cell CD4, can also trigger
conformational changes in the HIV-1 envelope glycoproteins
that lead to functional inactivation (H. Haim, submitted for
publication). In the extreme, sCD4 binding causes the shed-
ding of the gp120 glycoprotein from the envelope glycoprotein
complex (23, 28, 45–47). The efficiency of gp120 shedding is
much greater at 37°C than at room temperature (47, 52). The
inactivation of the HIV-1 envelope glycoproteins in the ab-
sence of sCD4 is much slower than after sCD4 incubation (H.
Haim, submitted).

Here, we subjected a molecularly cloned HIV-1 to repeated
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rounds of selection at elevated temperatures. As expected, the
selected virus was more stable than the parental virus at high
temperatures. Surprisingly, the parental virus was inactivated
on ice more rapidly than at room temperature; the heat-se-
lected virus was resistant to this cold inactivation. Unlike heat
inactivation, which involves multiple components of the virus
(38), sensitivity to the cold was determined solely by the viral
envelope glycoproteins. The envelope glycoproteins of the se-
lected virus exhibited increased functional longevity at 0°C com-
pared with the envelope glycoproteins of the parental virus. The
basis for this cold stability was found to be a change of histidine
66 in the gp120 inner domain to an asparagine residue. We in-
vestigated the requirements for cold stability of the HIV-1 enve-
lope glycoproteins and established a relationship between the
CD4-bound conformation and temperature-dependent lability.

MATERIALS AND METHODS

Selection of heat-resistant virus. The pNL4.3-KB9 plasmid, which encodes the
KB9 envelope glycoproteins (32) in the background of the NL4.3 provirus (1),
was used to generate infectious HIV-1. 293T cells were transfected with 25 �g of
the pNL4.3-KB9 plasmid by using a calcium phosphate transfection kit (Invitro-
gen, Carlsbad, CA). After 10 h, medium was replaced, and virus-containing
supernatants were harvested 3 days later. After clarification by low-speed (2,000
� g for 10 min) centrifugation, the amount of virus in the supernatant was
quantitated by a RT assay (59). Virus-containing supernatants were aliquoted
and stored at �80°C. For a selection of heat-resistant viruses, 1G5 cells, which
were derived from the Jurkat T-cell line and contain a stably integrated luciferase
gene under the control of the HIV-1 long terminal repeat (LTR) (2), were
incubated overnight with 200,000 RT units of virus in 1 ml. Cells were washed
once, resuspended in 10 ml growth medium, and kept in culture at 37°C to allow
virus replication. After 3 to 4 days or when the titer of virus reached 500,000 RT
units/ml, the supernatant was harvested, quantitated, and stored at �80°C. Ali-
quots of virus were thawed, adjusted for equivalent RT units, and kept in a water
bath set at a temperature between 37°C and 56°C, while a control aliquot was
directly added to cells. At various time points aliquots were removed, cooled to
room temperature, and added to 1G5 Jurkat T cells. Cells were split every 3 to
4 days, and the titer of virus in the culture medium was measured. Those cultures
with a detectable viral titer and derived from aliquots exposed the longest to a
given temperature were expanded further, whereas the rest were discarded.
When the virus titer in the selected cultures reached approximately 500,000 RT
units/ml, culture media were collected, aliquoted, and kept at �80°C. These
samples served as the starting stocks for the next round of selection. The incu-
bation of virus at given temperature, the selection of a resistant virus population,
and expansion on 1G5 Jurkat T cells were repeated for several cycles, with
increased temperature of selection or duration of exposure at each cycle.

Site-directed mutagenesis. Mutations in the HIV-1 env gene were introduced
by site-directed mutagenesis using the QuikChange protocol (Stratagene). The
H66N change was introduced into pSVIIIenv plasmids (29) expressing the KB9,
ADAfl, YU2, JR-FL, and ADA-N197S envelope glycoproteins. The ADAfl,
YU2, JR-FL, and ADA-N197S envelope glycoproteins are R5-tropic. The KB9
envelope glycoproteins are dualtropic. The ADAfl envelope glycoproteins are
full-length ADA envelope glycoproteins and differ from the previously reported
ADA-HXBc2 chimeric envelope glycoproteins (65). The ADA-N197S envelope
glycoproteins are CD4-independent, R5 envelope glycoproteins derived from an
ADA-HXBc2 chimeric envelope glycoprotein (34, 35). Complementary pairs of
primers were used to introduce the H66N mutation into the envelope expressor
plasmids; the sequence of one primer is as follows: 5�-ATATGATACAGAGG
TAAATAATGTTTGGGC-3�.

Plasmids encoding the KB9 and YU2 HIV-1 envelope glycoproteins contain-
ing substitutions for histidine 66 other than asparagine were made as described
above using the following primers: H66A, 5�-ATATGATACAGAGGTAGCTA
ATGTTTGGGC-3�; H66F, 5�-ATATGATACAGAGGTATTTAATGTTTGG
GC-3�; H66D, 5�-ATATGATACAGAGGTAGATAATGTTTGGGC-3�; H66Q,
5�-ATATGATACAGAGGTACAGAATGTTTGGGC-3�; H66W, 5�-ATATGA
TACAGAGGTATGGAATGTTTGGGC-3�; H66K, 5�-ATATGATACAGAG
GTAAAGAATGTTTGGGC-3�.

To generate envelope glycoproteins with a deletion of the gp41 cytoplasmic
tail, a stop codon was introduced just after the sequence encoding the trans-
membrane region by using complementary pairs of primers; the sequence of one

primer is as follows: 5�-CCCTGCCTAACTCTAATTTACTATAGAAAGTAC
AGC-3�. The presence of the desired mutations and absence of unintended
changes were confirmed by DNA sequencing of the entire Env-coding region. All
plasmids expressing the wild-type and mutant envelope glycoproteins were pre-
pared using the QIAFilter kit (Qiagen), quantified, and stored.

Production of single-round recombinant HIV-1 reporter viruses. Recombi-
nant HIV-1 encoding firefly luciferase and pseudotyped with the wild-type or
mutant HIV-1 envelope glycoproteins was produced by cotransfecting 293T cells
with a pSVIIIenv plasmid expressing the HIV-1 envelope glycoprotein variants,
the pCMV�P1�envpA plasmid, and the pHIV-1Luc plasmid at a 1:2:2 weight
ratio, respectively, using the Effectene reagent (Qiagen). The pCMV�P1�envpA
plasmid encodes the packaging components (Gag/Pol proteins) and the Tat
protein of HIV-1 (53). The pHIV-1Luc plasmid carries a packageable HIV-1
vector that is defective in all HIV-1 genes except tat and that expresses the
luciferase reporter gene (77). Recombinant HIV-1 pseudotyped with vesicular
stomatitis virus glycoprotein G (VSV G) was generated similarly by including
pHCMV-G (79), a VSV G expression plasmid, in the transfection mixture at a
weight ratio equivalent to that for the plasmid expressing the HIV-1 envelope
glycoproteins. The viral stocks, which are capable of a single round of infection,
were harvested 2 to 3 days later, quantitated by an RT assay, aliquoted, and
stored at �80°C.

Virus infection assay. Cf2Th cells coexpressing CD4 and coreceptor CCR5
(Cf2Th-CD4/CCR5) or CXCR4 (Cf2Th-CD4/CXCR4) or expressing only CCR5
(Cf2Th-CCR5) were seeded at a density of 8,000 cells/well in a 96-well plate and
cultured overnight at 37°C. About 30,000 RT units of virus was added to the cells
the next day at 37°C in 200 �l of medium, and the cells were cultured for another
2 days. Medium was removed, and cells were lysed with 50 �l of 1� luciferase
lysis buffer (Promega, Madison, WI). Luciferase assays were performed using
D-luciferin salt as a substrate (BD Pharmingen, San Jose, CA) with the LB 96V
microplate luminometer (EG & G Berthold Technologies, Oak Ridge, TN).

To assess the effect of temperature on virus infectivity, virus preparations
equalized for RT activity were incubated at different temperatures. At the end of
the incubation, aliquots were removed and transferred to a �80°C freezer until
infection. To measure the infectivity of the virus, aliquots were thawed at 37°C
just before infection and added to target cells in triplicate. The time dependence
of decay of virus infectivity at a given temperature was also assayed similarly,
except that aliquots of virus were removed at different time points and trans-
ferred to �80°C. At the completion of the experiment, aliquots were thawed at
37°C and added to target cells in triplicate.

To assess the effect of pH on cold inactivation, viruses equalized for RT
activity were pelleted; supernatants were replaced with medium at a specific pH
(5.0 to 8.0). Viruses were resuspended in this medium and kept on ice. At regular
time points, aliquots were removed and viruses were again pelleted by centri-
fuging them at 12,000 � g. Viruses were resuspended in medium at neutral pH
just before addition to target cells to assay infection.

Analysis of envelope glycoprotein levels on virus particles. Radiolabeled
HIV-1 virions were produced by cotransfecting 293T cells with the pSVIIIenv
plasmid, expressing the HIV-1 envelope glycoprotein variants, the pCMV�P1�
envpA plasmid, and pSVL-tat, a Tat expression vector driven by the simian virus 40
late promoter. One day later, the medium was replaced with radiolabeling medium
(10% heat-inactivated, dialyzed fetal bovine serum, 10 �g/ml of penicillin-strepto-
mycin solution, 50 �Ci/ml 35S-Express protein labeling mix [PerkinElmer, Waltham,
MA], and 2 mM L-glutamine in methionine- and cysteine-free Dulbecco’s modified
Eagle medium). The cells were incubated at 37°C for another 2 to 3 days, and the
medium containing radiolabeled virus particles was collected. The medium was
clarified of cellular debris by centrifugation at low speed and then loaded onto a 20%
sucrose cushion (20% sucrose in phosphate-buffered saline [PBS]). After centrifu-
gation at 27,000 � g for 1.5 h at 4°C, the pelleted virus particles were resuspended
in 0.5 ml radioimmunoprecipitation assay buffer (1% NP-40, 0.5% sodium deoxy-
cholate, 0.05% sodium dodecyl sulfate in PBS). The viral proteins were precipitated
by a mixture of sera from HIV-1-infected individuals.

Analysis of ligand binding to HIV-1 envelope glycoproteins on the cell surface.
Approximately 5 � 105 mock-transfected 293T cells or 293T cells expressing
cytoplasmic-tail-deleted ADA-N197S, ADA-H66N-N197S, KB9, or KB9-H66N
envelope glycoproteins were incubated on ice or at room temperature for 16 h.
Cells were transferred to room temperature and incubated with 40 �g/ml of
anti-gp120 antibodies or the C34-immunoglobulin (Ig) fusion protein (62) in
fluorescence-activated cell sorter (FACS) buffer (PBS–5% fetal bovine serum) in the
presence or absence of 25 �g/ml of sCD4. Cells were washed three times in
FACS buffer, and bound ligands were detected by incubation for 1 h with
phycoerythrin-conjugated rabbit anti-human IgG (Sigma, St. Louis, MO). The
cells were washed three times with FACS buffer and analyzed with a FACScan
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flow cytometer with CellQuest software (Becton Dickinson, Mountain View,
CA) and FLOWJO software (FlowJo, Ashland, OR).

Effects of chemokine receptor inhibitors on HIV-1 infectivity. The neutraliza-
tion sensitivity of partially cold-inactivated HIV-1 to chemokine receptor inhib-
itors was examined. The CCR5 inhibitor compound A (21) and CXCR4 inhibitor
AMD3100 (14) were used. Compound A was kindly supplied by Martin Springer
(Merck & Co., Inc.). Recombinant HIV-1, at a concentration of 150 RT units per
�l, was incubated for 1 to 2 h with serial dilutions of these inhibitors in a total
volume of 650 �l at room temperature. The virus-inhibitor mixture was then
added to target cells in triplicate to measure infectivity.

Virus capture assay. To analyze the structural alterations and antigenic prop-
erties of cold-inactivated envelope glycoproteins on the virus surface, we adopted
a virus capture assay similar to that described by Moore et al. (48). Briefly,
monoclonal antibodies (MAbs) were used to coat Immulon II enzyme-linked
immunosorbent assay wells (Dynex Technologies, Chantilly, VA) overnight at 5
�g/ml in PBS. These MAbs include 7B2, 2.2B, and 2G12. The MAb 2G12
recognizes a carbohydrate-dependent epitope on the gp120 outer domain (60,
68). MAbs 7B2 and 2.2B recognize cluster I and cluster II regions in gp41,
respectively (6). MAbs 7B2 and 2.2B were provided by James Robinson (Tulane
University, New Orleans, LA). The wells were then washed with PBS and
blocked with 3% bovine serum albumin in PBS for 30 min. Virus-containing cell
supernatants were incubated at a given temperature, added to the plate in
triplicate, and incubated for 3 h. Afterwards, the wells were washed three times
with PBS and then overlaid with Cf2Th cells (6 � 103 cells per well) that do not
express CD4 or the appropriate chemokine receptor for the HIV-1 envelope
glycoproteins. Infection of target cells mediated by VSV G was allowed to
proceed at 37°C overnight, and cells were split into B&W IsoPlate-96 TC plates
(PerkinElmer, Waltham, MA) suitable for the luciferase assay. After another
48 h of incubation at 37°C, cells were lysed and the level of infection was
quantitated.

RESULTS

Effects of temperature on the function of wild-type and
H66N HIV-1 envelope glycoproteins. To investigate the effects
of temperature extremes on HIV-1, we passaged a molecularly
cloned HIV-1, NL4.3-KB9, while intermittently incubating the
viruses at elevated temperatures. The NL4.3-KB9 virus is de-
rived from the NL4.3 virus but has its envelope glycoproteins
replaced by those of the pathogenic simian-human immuno-
deficiency virus KB9 (6). Infectious virus was generated by
transfection of 1G5 indicator cells with NL4.3-KB9 proviral
DNA. The 1G5 cells are Jurkat T cells that contain an inte-
grated luciferase gene under the control of the HIV-1 LTR (2).
Infection of these cells by HIV-1 results in LTR activation by
the HIV-1 Tat protein and a consequent increase in luciferase
expression. The NL4.3-KB9 starting virus stock was incubated
at a given elevated temperature for different periods of time,
cooled to room temperature, and added to 1G5 cells. Viruses
that survived the most extreme temperatures were propagated
and reexposed to higher temperature, and the process was
repeated. A control stock of NL4.3-KB9 virus was passaged in
parallel on 1G5 cells without heat selection. Once viruses that
exhibited decreased heat sensitivity emerged, proviral se-
quences of these viruses and the control viruses were PCR
amplified in fragments from infected cells. Each amplified
fragment was cloned and sequenced. Comparison of the pro-
viral sequences from heat-selected and control viruses revealed
the presence of specific mutations in the former. Presumably,
some combination of these mutations, which affect multiple
HIV-1 genes and sequences, results in heat stability.

During the course of these studies, we observed that the
parental NL4.3-KB9 virus was inactivated on ice more rapidly
than at room temperature; by contrast, the heat-selected virus
was resistant to this cold inactivation. We hypothesized that

the major determinant of this resistance to cold inactivation
was the env gene of the heat-selected virus. Several of the
observed nonsynonymous changes in the env gene of the heat-
resistant virus were introduced, alone or in combination, into
the KB9 env in the context of a single-round recombinant virus.
The temperature sensitivity of single-round recombinant
HIV-1 bearing these envelope glycoproteins revealed that a
single amino acid change, histidine 66 to asparagine (H66N),
was responsible for the altered cold sensitivity of the envelope
glycoproteins of the passaged virus. Recombinant HIV-1 with
wild-type KB9 or KB9-H66N envelope glycoproteins was in-
cubated at various temperatures for 44 h and then used to
infect Cf2Th-CD4/CXCR4 cells (Fig. 1A). Both recombinant
viruses exhibited similar levels of infectivity when assayed di-
rectly after thawing from �80°C storage. Both prolonged in-
cubation on ice and at temperatures above 25°C resulted in
decreased infectivity of the viruses with wild-type KB9 enve-
lope glycoproteins. The viruses with wild-type KB9 and KB9-
H66N envelope glycoproteins exhibited similar low infectivities
following incubation at high temperatures. This result demon-
strates that the H66N change is not sufficient to render HIV-1
heat resistant, consistent with the reported sensitivity of mul-
tiple HIV-1 proteins to heat (38). By contrast, the viruses with
the KB9-H66N envelope glycoproteins were relatively resistant
to the negative effects of incubation at low temperature, com-
pared with the viruses with the wild-type KB9 envelope glyco-
proteins (Fig. 1A). Thus, the H66N change fully explains the
resistance of the heat-selected virus to cold inactivation.

To investigate the generality of the effect of the H66N
change on cold sensitivity of HIV-1, this change was intro-
duced into the envelope glycoproteins derived from several
primary, CCR5-using HIV-1 isolates: YU2, JR-FL, and ADAfl.
We also introduced the H66N change into the envelope gly-
coproteins of a CD4-independent HIV-1 variant, ADA-N197S,
that had been derived by passage of HIV-1 in CD4-negative,
CCR5-expressing cells (34, 35). Recombinant HIV-1 encoding
luciferase was pseudotyped with the wild-type and H66N vari-
ants of the above envelope glycoproteins, incubated for 44 h at
various temperatures, and then used to infect Cf2Th-CD4/
CCR5 cells. As was seen for viruses with the KB9 envelope
glycoproteins, viruses with the wild-type ADAfl and ADA-
N197S envelope glycoproteins exhibited significant reductions
in infectivity after prolonged incubation on ice, as well as at
temperatures above 30°C (Fig. 1B and C). By contrast, viruses
with the ADAfl-H66N and ADA-H66N-N197S envelope gly-
coproteins, which contain the H66N change, retained their
infectivity after cold incubation. Thus, the H66N change can
rescue the envelope glycoproteins of several HIV-1 strains
from functional inactivation due to incubation in the cold.

Viruses with the envelope glycoproteins derived from the
YU2 and JR-FL HIV-1 isolates were sensitive to prolonged
incubation at the higher temperatures but were not affected by
incubation on ice. The H66N change did not alter these phe-
notypes (Fig. 1D and E).

We conclude that some, but not all, HIV-1 envelope glyco-
proteins are functionally inactivated by prolonged incubation
at 0°C; the H66N change renders the sensitive envelope gly-
coproteins resistant to cold inactivation.

The H66N change reduces the rate of HIV-1 envelope gly-
coprotein inactivation in the cold. The above results suggest
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that the H66N change might reduce the rate of functional
inactivation of some HIV-1 envelope glycoproteins in the cold.
To examine this possibility directly, recombinant HIV-1 bear-
ing the wild-type ADAfl and ADAfl-H66N (Fig. 2B) or wild-
type KB9 and KB9-H66N (Fig. 2C) envelope glycoproteins was
incubated on ice and, at different times, portions of the virus

suspension were removed and frozen. After the virus suspen-
sion was thawed, the infectivity of the virus was assessed by
incubation with Cf2Th-CD4/CCR5 cells (for the ADAfl vari-
ants) or Cf2Th-CD4/CXCR4 cells (for the KB9 variants). A
pilot experiment demonstrated that a single freeze-thaw cycle
did not significantly affect the infectivity of viruses with the
KB9 and KB9-H66N envelope glycoproteins (Fig. 2A). The
rate at which infectivity declined on ice was faster for viruses
with the wild-type KB9 or ADAfl envelope glycoproteins than
for viruses with the H66N change (Fig. 2B and C). The H66N
change prolonged the functional half-life of the KB9 envelope
glycoproteins by more than eightfold (Fig. 2D). Thus, the
H66N change reduces the rate of functional inactivation of the
HIV-1 envelope glycoproteins at 0°C.

Influence of subsequent exposure to 37°C on inactivation of
the HIV-1 envelope glycoproteins in the cold. The functional
inactivation of HIV-1 in the cold occurs at a slower rate than
heat inactivation. For example, the inactivation of the wild-
type HIV-1 KB9 envelope glycoproteins proceeded with a half-
life of approximately 20 h at 0°C (see above), whereas HIV-1
infectivity is eliminated within 1 hour at 56°C (64). Because
virus diffusion to the target cell constitutes a slow, rate-limiting
step in the virus infection process (26), it is formally possible
that incubation of the virus and cells at 37°C contributes to the
inactivation of HIV-1 following incubation at 0°C. To investi-
gate this possibility, we asked whether shortening or prolong-

FIG. 1. Effect of temperature on infectivity of HIV-1. Recombi-
nant, luciferase-expressing HIV-1 bearing wild-type or H66N variants
of the KB9 (A), ADAfl (B), ADA-N197S (C), YU2 (D), and JR-FL
(E) envelope glycoproteins were incubated at the indicated tempera-
tures for 44 h, and infectivity was measured. Relative infectivity is the
percentage of infectivity of the same virus that was kept at �80°C as a
reference control. The bar graphs show the infectivities of the control
viruses. The means and standard deviations from three independent
experiments performed in triplicate are shown.

FIG. 2. Rate of cold inactivation of virus infectivity. (A) Recombi-
nant viruses with wild-type KB9 or KB9-H66N envelope glycoproteins
were kept at room temperature (gray) or frozen at �80°C (black).
Frozen viruses were thawed, and their infectivities were compared with
those of viruses kept at room temperature. (B and C) Recombinant
viruses bearing the wild-type ADAfl or ADAfl-H66N (B) and wild-type
KB9 or KB9-H66N (C) envelope glycoproteins were incubated on ice
for various lengths of time. At the indicated time points, aliquots were
removed and frozen at �80°C. After completion of the longest incu-
bation, all samples were thawed and infectivity was assayed on Cf2Th-
CD4/CCR5 (for ADAfl and ADAfl-H66N) and on Cf2Th-CD4/
CXCR4 cells (for KB9 and KB9-H66N). Relative infectivity is the
percentage of infection of the same virus not incubated on ice but kept
at �80°C. Data are representative of results from three independent
experiments performed in triplicate. (D) The half-lives of inactivation
of viruses bearing the wild-type KB9 or KB9-H66N envelope glyco-
proteins after exposure to 0°C were calculated.
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ing the time during the infection procedure that the virus
spends at 37°C influences the inactivation.

To reduce the time required for virus attachment to target
cells, spinoculation of viruses and cells was utilized. Recombi-
nant viruses with wild-type KB9 or KB9-H66N envelope gly-
coproteins were either incubated for 44 h on ice or kept at
�80°C. Afterwards, half of each virus preparation was mixed
with Cf2Th-CD4/CXCR4 cells and centrifuged at 1,400 rpm
for 2 hours at room temperature in a Beckman Alegra centri-
fuge. The spinoculated virus-cell mixture was then incubated at
37°C, and the level of infection was assessed 48 h later. The
other half of each virus preparation was incubated with Cf2Th-
CD4/CXCR4 cells at 37°C without spinoculation. Spinocula-
tion resulted in an enhanced efficiency of infection over the
range of preincubation temperatures examined (see Fig. S1 in
the supplemental material). However, the negative impact of
cold incubation on the infectivity of viruses with the wild-type
KB9 envelope glycoproteins, relative to that of viruses with the
KB9-H66N envelope glycoproteins, was still evident following
spinoculation. Thus, shortening the period of time that the
virus spends at 37°C during the infection process did not sig-
nificantly influence the outcome of cold-induced inactivation.

We also extended the time after incubation in the cold that
the viruses spent at 37°C before contacting the target cell.
Recombinant viruses containing the wild-type KB9, KB9-
H66N, ADA-N197S, and ADA-H66N-N197S envelope glyco-
proteins were incubated on ice for 44 h and then incubated at
37°C for various lengths of time before incubation with target
cells. For target cells expressing CD4, the large difference in
infectivity after cold incubation between viruses with and with-
out the H66N change was observed even in the absence of
incubation at 37°C and changed only moderately with extended
incubation at 37°C (see Fig. S2A and B in the supplemental
material). By contrast, the low level of infectivity for CD4-
negative Cf2Th-CCR5 cells retained by viruses with the ADA-
H66N-N197S envelope glycoproteins following cold incubation
did decay after incubation at 37°C (see Fig. S2C in the supple-
mental material). Thus, in most instances, events occurring at
37°C contribute only minimally to the functional inactivation of
HIV-1 envelope glycoproteins following incubation at 0°C.

In other experiments, recombinant viruses with wild-type
KB9 and KB9-H66N envelope glycoproteins that had been
incubated on ice for 48 h were held at room temperature for
20 h before assessing their infectivity. As observed previously,
the infectivity of viruses with the wild-type KB9 envelope gly-
coproteins was reduced approximately 10-fold as a result of the
cold incubation, whereas that of viruses with the KB9-H66N
envelope glycoproteins was reduced minimally by incubation
on ice (see Fig. S3 in the supplemental material). The subse-
quent room temperature incubation resulted in a moderate
(approximately twofold) decrease in infectivity for both viruses
(see Fig. S3 in the supplemental material). These results, along
with those described above, indicate that the effects of cold
incubation are not reversed even by prolonged incubation at
room temperature or 37°C.

In summary, our results indicate that the length of time that
the virus is exposed to 0°C rather than the duration of the
exposure to 20 to 37°C primarily determines the degree of
functional inactivation. These observations are consistent with

a model in which the inactivation of HIV-1 envelope glycop-
rotein function occurs primarily in the cold.

Effects on resistance to cold inactivation of amino acids
other than histidine at position 66. Histidine 66 is invariant in
all of the HIV-1 and simian immunodeficiency virus SIVcpz
sequences deposited in the Los Alamos National HIV Se-
quence Database to date (http://www.hiv.lanl.gov/content
/sequence/HIV/mainpage.html). The substitution of aspara-
gine at position 66 does not create a consensus site for
N-linked glycosylation. We wished to determine if the substi-
tution of residues other than asparagine for histidine 66 would
influence the phenotype of resistance to cold inactivation. Six
amino acids with a range of properties were substituted for
histidine 66 in the KB9 and YU2 HIV-1 envelope glycopro-
teins. Recombinant viruses bearing the wild-type or mutant
envelope glycoproteins were incubated at different tempera-
tures for 48 h and then incubated at 37°C with Cf2Th-CD4/
CXCR4 cells (for the KB9 envelope glycoproteins) or with
Cf2Th-CD4/CCR5 cells (for the YU2 envelope glycoproteins).
With the exception of the H66K mutant, all of the mutant
envelope glycoproteins supported HIV-1 infection to some de-
gree (Fig. 3C and D). Viruses with the wild-type KB9 envelope
glycoproteins exhibited a significantly decreased infectivity after
incubation on ice; this reduction in infectivity was not observed
for the viruses with the KB9-H66N, -H66A, -H66F, -H66Q, and
-H66W envelope glycoproteins (Fig. 3A). Although the basal
level of replication of the virus with the KB9-H66D envelope
glycoproteins was low, replication of this virus was unaffected by
incubation at temperatures below 20°C. The viruses with the
wild-type YU2 envelope glycoproteins, as well as the viruses with
the changes in histidine 66, efficiently supported HIV-1 entry after
prolonged incubation on ice (Fig. 3B). We conclude that several
different amino acids at position 66 can allow the HIV-1 envelope
glycoproteins to resist cold inactivation.

Effects of pH on HIV-1 sensitivity to cold inactivation. The
above results suggest that the cold-stabilizing effect of the
H66N change is due to the absence of the histidine residue
rather than to the presence of the substituted asparagine res-
idue. The pKR of histidine is near 7, raising the possibility that
the phenotype associated with histidine 66 might be modulated
by pH changes in the physiologic range. To examine this pos-
sibility, recombinant HIV-1 with the wild-type KB9 and KB9-
H66N envelope glycoproteins was prepared and shown to ex-
hibit similar infectivities at pH 7.5 (Fig. 4A). The viruses with
the KB9 and KB9-H66N envelope glycoproteins were incu-
bated in Dulbecco’s modified Eagle medium at a specific pH
(range, 5.0 to 8.5) on ice for 48 h. The medium was returned to
pH 7.5, and the infectivities of the viruses on Cf2Th-CD4/
CXCR4 cells were assessed. The difference in infectivities of
the viruses with wild-type KB9 envelope glycoproteins and
viruses with the KB9-H66N envelope glycoproteins was most
pronounced at high pH values (Fig. 4B). Although differences
in the rates of decay of infectivity between the wild-type KB9
and KB9-H66N viruses were modest at pH 5.0, these differ-
ences in decay rates were substantial at pH 8.5 (Fig. 4C).
Because the phenotypic differences between the viruses with
the wild-type KB9 and KB9-H66N envelope glycoproteins
were evident at high pH, deprotonation of histidine 66 is ap-
parently not sufficient for cold resistance.
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Shedding of gp120 as a potential mechanism of cold inactiva-
tion. The noncovalent nature of the association between the
gp120 and gp41 glycoproteins allows shedding of gp120 from the
envelope glycoprotein complex. This shedding of gp120 occurs
spontaneously at a low level, leading to functional inactivation of
a subset of the envelope glycoprotein spikes on the virion
(38). To address whether gp120 shedding contributes to cold
inactivation, radiolabeled recombinant HIV-1 containing
the wild-type KB9, KB9-H66N, ADA-N197S, and ADA-
H66N-N197S envelope glycoproteins was prepared by trans-
fecting 293T cells. Viruses in the supernatant were sepa-
rated from shed gp120 by pelleting through a 20% sucrose
cushion. Each virus preparation was divided into two por-
tions, one kept at �80°C and the other placed on ice. After
60 h, virus was pelleted and pellets and supernatants were
used for precipitation of viral proteins by an excess of a
serum mixture from HIV-1-infected individuals. The gp120/
p24 ratio reflects the amount of gp120 per virion and did not
correlate with the infectivity pattern for the different viruses
and treatments (Fig. 5). The low level of Gag p24 protein in
the supernatant indicates that no significant dissolution of
viral particles occurred during incubation on ice. Thus, the
loss of HIV-1 infectivity on ice results mainly from processes
other than gp120 shedding or disintegration of virion parti-
cles.

Changes in the HIV-1 envelope glycoprotein structure asso-
ciated with incubation in the cold. To determine whether
changes in the conformation of the HIV-1 envelope glyco-

FIG. 3. Effects of substitution of different residues for histidine 66 on cold inactivation. (A) Recombinant HIV-1 bearing the wild-type KB9
envelope glycoproteins or the indicated mutant envelope glycoproteins was incubated at different temperatures for 48 h, and infectivity on
Cf2Th-CD4/CXCR4 cells was measured. (B) Recombinant HIV-1 bearing wild-type or mutant YU2 envelope glycoproteins was incubated at
different temperatures for 48 h, and infectivity on Cf2Th-CD4/CCR5 cells was measured. (C and D) The basal levels of infectivity without extended
incubation at the different temperatures, relative to that of the virus with the respective wild-type envelope glycoproteins, were as follows:
KB9-H66N, 86%; KB9-H66A, 87%; KB9-H66F, 52%; KB9-H66D, 3%; KB9-H66Q, 18%; KB9-H66W, 45% YU2-H66N, 85%; YU2-H66A, 74%;
YU2-H66F, 81%; YU2-H66D, 35%; YU2-H66Q, 51%; YU2-H66W, 82%. The KB9-H66K and YU2-H66K envelope glycoproteins did not support
detectable virus infection. Data are representative of results from three independent experiments performed in triplicate.

FIG. 4. Effect of pH on virus sensitivity to cold inactivation.
(A) The recombinant HIV-1 viruses with wild-type KB9 and KB9-
H66N envelope glycoproteins were incubated with Cf2Th-CD4/
CXCR4 cells, and the infectivity was measured by luciferase assay.
(B) The above recombinant viruses were incubated on ice at the
indicated pHs for 48 h. Afterwards, viruses were returned to pH 7.5
and used to infect Cf2Th-CD4/CXCR4 cells. The infectivity was mea-
sured by luciferase assay. (C) The rate of decay of infectivity was
measured for viruses with wild-type KB9 and KB9-H66N envelope
glycoproteins at pH 5.0 and pH 8.5. Values are given as percentages of
initial infectivity. Data are representative of results from independent
experiments performed in triplicate.
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proteins accompanied cold inactivation, we examined enve-
lope glycoproteins on cell surfaces and virions for the ability
to bind a number of Env ligands.

For the study of HIV-1 envelope glycoproteins on the cell
surface, 293T cells were transfected with plasmids expressing
the KB9, KB9-H66N, ADA-N197S, and ADA-H66N-N197S
envelope glycoproteins with truncations of their gp41 cytoplas-
mic tails. These truncations allow more-efficient expression of

these glycoproteins on the cell surface (25, 78). Pilot experi-
ments demonstrated that truncating the gp41 cytoplasmic tail
did not influence the sensitivity of the viral envelope glycopro-
teins to cold inactivation (see Fig. S4 in the supplemental
material). Transfected cells were divided into two aliquots, one
kept at room temperature and the other on ice. After 16 h at
the respective temperature, the cells were stained with a panel
of MAbs directed against HIV-1 gp120 and with CD4-Ig, a
fusion of the N-terminal two CD4 domains and the Fc portion
of human IgG (27). The binding of these gp120 ligands to the
envelope glycoproteins on the cell surface was measured by
incubation with a phycoerythrin-conjugated anti-human Ig an-
tibody and FACS analysis (Fig. 6). As expected (22, 30, 63, 74),
the gp120 ligands bound the HIV-1 envelope glycoproteins to
different degrees; for example, the nonneutralizing C11 anti-
gp120 antibody bound less efficiently than the 17b and 2G12
antibodies, which can neutralize the ADA-N197S envelope
glycoproteins. However, no consistent differences between the
recognition of the parental envelope glycoproteins and that of
the H66N derivatives were observed.

The functional inactivation of the HIV-1 envelope glycopro-
teins observed after prolonged cold incubation might involve a
disruption of the formation of key intermediates induced by
CD4 binding. CD4 binding allows gp120 to interact efficiently
with the CCR5 or CXCR4 chemokine receptor and also results
in the exposure of the HR1 groove on the gp41 transmembrane
glycoprotein (24, 62, 67, 72). We tested whether cold incuba-
tion influences either of these processes and whether differ-
ences between the parental and H66 envelope glycoproteins
exist.

To determine if cold inactivation alters the affinity of the
envelope glycoproteins for the chemokine receptor, we took
advantage of the observations that increased susceptibility to
CCR5-directed inhibitors invariably accompanies decreases in
the affinity of the gp120-CCR5 interaction (40, 57, 58). Par-
tially cold-inactivated recombinant HIV-1 with cold-sensitive
wild-type ADAfl envelope glycoproteins or cold-resistant YU2
envelope glycoproteins and their H66N counterparts were
used to infect Cf2Th-CD4/CCR5 target cells in the presence of
different concentrations of compound A, a small-molecule
CCR5 ligand that blocks HIV-1 binding and infection (see Fig.
S5 in the supplemental material) (21). Similarly, partially cold-
inactivated recombinant HIV-1 with wild-type KB9 and KB9-
H66N envelope glycoproteins was used to infect Cf2Th-CD4/
CXCR4 cells in the presence of different concentrations of
AMD3100, a CXCR4 ligand that blocks HIV-1 binding and
infection (see Fig. S5 in the supplemental material). In all
cases, there was no difference in sensitivity to chemokine re-
ceptor inhibitors after exposure to cold, indicating that incu-
bation at 0°C does not necessarily alter the affinity of envelope
glycoprotein binding to chemokine receptors.

To determine if cold incubation influences the spontaneous
or CD4-induced exposure of the gp41 HR1 groove, we utilized
C34-Ig to probe the HIV-1 envelope glycoproteins expressed
transiently on the surfaces of 293T cells, as described above.
C34-Ig consists of a peptide (C34) that corresponds to the gp41
HR2 region fused to the Fc portion of an IgG molecule. Mock-
transfected 293T cells or 293T cells expressing wild-type KB9,
KB9-H66N, ADA-N197S, and ADA-H66N-N197S envelope
glycoproteins were kept at room temperature or on ice for

FIG. 5. Effect of the H66N change on the shedding of gp120 in the
cold. Radiolabeled HIV-1 bearing the ADA-N197S and ADA-H66N-
N197S envelope glycoproteins (left) or KB9 and KB9-H66N envelope
glycoproteins (right) was incubated on ice for 60 h or kept at �80°C.
Viruses were pelleted and resuspended in radioimmunoprecipitation
assay buffer. Viral pellets and supernatants were precipitated by a
mixture of sera from HIV-1-infected individuals to determine the
content of gp120 and p24 Gag proteins.
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16 h. Then the cells were incubated with sCD4, C34-Ig, or a
combination of both proteins at room temperature, which min-
imizes CD4-induced shedding but allows CD4-induced HR1
exposure (62). The bound C34-Ig or 2G12 antibody, which is
used as a control to detect the gp120 envelope glycoprotein,
was measured by FACS analysis using an anti-human Ig anti-
body. Under these conditions, gp120 shedding after sCD4 in-
cubation was minimal, as indicated by the level of 2G12 stain-
ing (Fig. 7). The spontaneous level of HR1 exposure was
greater for the wild-type KB9 and KB9-H66N envelope glyco-
proteins that had been incubated on ice than for those incu-
bated at room temperature. The induction of C34-Ig binding
by sCD4 was greater for the KB9 envelope glycoproteins than
for the ADA-N197S envelope glycoproteins. However, the
KB9 and KB9-H66N envelope glycoproteins exhibited similar
degrees of induction of C34-Ig binding in the presence of
sCD4. Thus, although some increased exposure of the gp41

HR1 region occurs following incubation on ice compared with
room temperature incubation, this change is not significantly
affected by the alteration of histidine 66 and therefore does not
correlate with cold inactivation of infectivity.

Cold-induced exposure/formation of gp41 epitopes. The
above studies suggested that prolonged exposure to 0°C might
alter the conformation of the gp41 ectodomain. We wished to
examine this possibility in the context of the envelope glyco-
proteins on the virion surface. To do so, we adopted an assay
in which antibodies recognizing envelope glycoprotein
epitopes of interest are bound to a plate and used to capture
virions. The recombinant, luciferase-expressing viruses used in
this assay contain both HIV-1 envelope glycoproteins and VSV
G. Antibodies specific for the HIV-1 envelope glycoproteins
were bound to 96-well plates and used to capture virus parti-
cles; unbound particles were removed by thorough washing.
Cf2Th canine thymocytes that do not express receptors for

FIG. 6. Binding of gp120 ligands to cell surface HIV-1 envelope glycoproteins after incubation on ice. Mock-transfected 293T cells and 293T
cells expressing cytoplasmic tail-deleted ADA-N197S, ADA-H66N-N197S, KB9, or KB9-H66N envelope glycoproteins were incubated on ice or
at room temperature for 16 h. Binding of the indicated gp120 ligands was assessed by FACS. The percentages of antibody-positive cells are shown.

FIG. 7. Effect of cold incubation on the CD4-induced exposure of the gp41 HR1 region. Mock-transfected 293T cells and 293T cells expressing
cytoplasmic-tail-deleted ADA-N197S, ADA-H66N-N197S, KB9, or KB9-H66N envelope glycoproteins were incubated on ice or at room tem-
perature for 16 h. The binding of C34-Ig and 2G12, after incubation with the indicated ligands, was assessed by FACS.
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HIV-1 were then added to the wells, and infection of these
cells (mediated by VSV G) was measured by luciferase assay.
This provides a quantitative, albeit indirect, measure of the
efficiency of recognition of the viral envelope glycoproteins by
the antibody of interest (7, 48, 51, 55).

The envelope glycoproteins of three HIV-1 strains, the cold-
sensitive ADAfl and KB9 and the cold-resistant YU2 viruses,
were compared, along with their H66N counterparts. Viruses
with no envelope glycoproteins and viruses with only VSV G
were included as negative controls. Equivalent RT units of
each virus were incubated on ice or at room temperature for
50 h or kept at �80°C as an untreated control.

Two major groups of epitopes in the HIV-1 gp41 ectodo-
main have been identified: cluster I and cluster II (76). To
probe structural changes in the HIV-1 gp41 ectodomain, we
used two antibodies: 2.2B, which recognizes a cluster II
epitope, and 7B2, which recognizes a cluster I epitope (6). The
gp120-directed 2G12 antibody was included as a positive con-
trol, allowing an assessment of any shedding of the exterior
envelope glycoprotein. Indeed, some decreases in 2G12 bind-
ing, presumably reflecting spontaneous gp120 shedding, ac-
companied incubation of all viruses in the cold or at room
temperature (Fig. 8). For the ADAfl and KB9 viruses, the
H66N change appeared to decrease the amount of gp120 shed-
ding on ice, but not during the room temperature incubation.
The H66N change affected 2G12 binding to the YU2 envelope
glycoproteins only minimally. These results suggest that gp120
shedding may contribute minimally to cold inactivation.

Viruses with the cold-resistant YU2 envelope glycoproteins
exhibited mild decreases in binding to 2.2B and 7B2 antibodies
after incubation on ice or at room temperature. Viruses with
the wild-type ADAfl and ADAfl-H66N envelope glycoproteins
and with the wild-type KB9 and KB9-H66N envelope glyco-
proteins also showed slight decreases in binding of these anti-

bodies after room temperature incubation. By contrast, 2.2B
and 7B2 antibody binding to the viruses with wild-type ADAfl

and KB9 envelope glycoproteins that had been incubated on
ice increased significantly. Binding of the 2.2B antibody to the
H66N derivatives of the ADAfl and KB9 envelope glycopro-
teins was less than that seen for the wild-type counterparts of
these glycoproteins. Thus, the patterns of 2.2B epitope expo-
sure roughly correlate with the functional inactivation of cer-
tain HIV-1 envelope glycoproteins in the cold.

Kinetics of exposure of cold-induced gp41 epitopes. The
virus capture assay was used to measure the binding of the
2G12, 2.2B, and 7B2 antibodies to the envelope glycoprotein
variants described above at various times during incubation of
the virus at 0°C. During the incubation period on ice, viruses
shed some gp120, as evidenced by decreasing binding of the
2G12 antibody over time (Fig. 9). The temporal loss of 2G12
binding occurred slightly more rapidly for the viruses with the
wild-type ADAfl, KB9, and YU2 envelope glycoproteins than
for the viruses with the H66N variants. Thus, the H66N change
allows slightly larger amounts of gp120 to be retained on virion
envelope glycoprotein complexes for both cold-sensitive and
cold-resistant viruses.

The H66N variants of the ADAfl and wild-type KB9 enve-
lope glycoproteins exhibited less 2.2B and 7B2 antibody bind-
ing immediately after the viruses were thawed from �80°C
(Fig. 9). This was found to be an inherent feature of the H66N
envelope glycoproteins and independent of freezing and thaw-
ing (see Fig. S6 and S7 in the supplemental material). With
time, the binding of the 2.2B and 7B2 antibodies to the H66N
envelope glycoproteins increased, until they achieved a level of
binding similar to those of the ADAfl and wild-type KB9 en-
velope glycoproteins. The basal levels of 2.2B and 7B2 binding
to the wild-type YU2 and YU2-H66N envelope glycoproteins

FIG. 8. Exposure of HIV-1 envelope glycoprotein epitopes on virions.
Viruses with VSV G and ADAfl, KB9, or YU2 envelope glycoproteins or
their H66N counterparts were kept at �80°C (initial) or incubated on ice
or at room temperature for 50 h. Control viruses with only VSV G (VSV)
or lacking envelope glycoproteins [ENV(�)VSV(�)] were treated in par-
allel. Viruses were captured on wells coated with the indicated antibodies.
After a washing, Cf2Th cells lacking HIV-1 receptors were added to the
wells, and luciferase activity was assessed 48 h later. The results of a single
experiment, performed in triplicate, are shown. The experiment was re-
peated twice with similar results.

FIG. 9. Timing of exposure of cold-induced epitopes on the HIV-1
envelope glycoproteins. Viruses with VSV G and ADAfl, KB9, or YU2
envelope glycoproteins or their H66N counterparts were kept at
�80°C (initial) or incubated on ice for the indicated times. Viruses
with only VSV G (VSV) or lacking envelope glycoproteins
[ENV(�)VSV(�)] were studied in parallel as controls. Viruses were
captured on antibody-coated wells and quantitated by adding Cf2Th
target cells and measuring luciferase activity 48 h later.
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were similar and exhibited slight increases during the incuba-
tion on ice. These results indicate that specific changes occur in
the gp41 ectodomain of the HIV-1 envelope glycoproteins
during functional inactivation at 0°C.

The CD4-bound conformation of the HIV-1 envelope glyco-
proteins is susceptible to cold inactivation. The H66N change
in HIV-1 gp120 has been shown to decrease the spontaneous
transition of the unliganded envelope glycoproteins to the
CD4-bound conformation (A. Kassa et al., unpublished data).
Thus, selection of a temperature-stable virus resulted in an
envelope glycoprotein with an altered propensity to sample the
CD4-bound state. To investigate a potential relationship be-
tween the CD4-induced state of the HIV-1 envelope glycopro-
teins and temperature stability, we examined the cold suscep-
tibilities of viruses bearing HIV-1 envelope glycoproteins with
different propensities to assume the CD4-bound conformation.
We compared the stabilities on ice of viruses with the HXBc2
and HXBc2-S375W envelope glycoproteins. The HXBc2-
S375W mutant has a tryptophan side chain that fills the Phe 43
cavity, which predisposes gp120 to assume the CD4-bound
conformation (75). We also used the CD4-mimetic drug NBD-
556, which induces the CD4-bound conformation upon binding
gp120 (42, 61). Viruses with the HXBc2, HXBc2-H66N, and
HXBc2-S375W envelope glycoproteins were compared for
sensitivity to cold inactivation in the absence or presence of
NBD-556 (Fig. 10). In the absence of NBD-556, viruses with
the HXBc2-S375W envelope glycoproteins exhibited greater
sensitivity to cold than viruses with the wild-type HXBc2 en-
velope glycoproteins; in contrast, viruses with the HXBc2-
H66N envelope glycoproteins were more resistant to cold in-

activation (Fig. 10A). In the presence of increasing
concentrations of NBD-556, viruses with wild-type HXBc2 en-
velope glycoproteins exhibited progressively greater inactiva-
tion on ice (Fig. 10B). In the presence of 2 �M NBD-556,
viruses with the wild-type HXBc2 and HXBc2-S375W enve-
lope glycoproteins exhibited similar rates of cold inactivation
(Fig. 10C). NBD-556 did not influence the cold sensitivity of
viruses with HXBc2-H66N or HXBc2-S375W envelope glyco-
proteins because these gp120 mutants do not efficiently bind
the compound (42; A. Kassa et al., unpublished). Although
NBD-556-treated viruses with the wild-type HXBc2 envelope
glycoproteins exhibited mild reductions in infectivity following
room temperature incubation, these viruses were much more
sensitive to incubation on ice (Fig. 10D). Incubation of sCD4
with viruses bearing the wild-type HXBc2 envelope glycopro-
teins also resulted in increased inactivation in the cold (Fig.
10E). Viruses with the YU2 envelope glycoproteins, which are
naturally resistant to cold inactivation, exhibited dramatic re-
ductions in infectivity on ice following incubation with either
NBD-556 or sCD4 (Fig. 10F). These results suggest that the
CD4-bound state of the HIV-1 envelope glycoproteins is more
sensitive to cold inactivation.

DISCUSSION

By repeated passage of HIV-1 following intermittent expo-
sure to increasingly higher temperatures, we obtained viruses
that were able to withstand incubation at 42 to 56°C for longer
periods of time than the parental virus (data not shown). Our
preliminary observations suggest that multiple changes in the

FIG. 10. Susceptibility to cold inactivation of HIV-1 envelope glycoproteins in the CD4-bound conformation. (A) The infectivities of viruses
with the HXBc2, HXBc2-H66N, and HXBc2-S375W envelope glycoproteins after incubation on ice for the indicated times were measured. The
relative infectivity represents the percentage of the observed luciferase counts relative to those seen with freshly thawed virus. (B) Relative
infectivities of viruses with the wild-type HXBc2 envelope glycoproteins following incubation on ice with the indicated concentrations of NBD-556.
(C) Relative infectivities of viruses with the HXBc2, HXBc2-H66N, and HXBc2-S375W envelope glycoproteins after incubation on ice in the
presence of 2 �M NBD-556. (D) Infectivities of viruses with the wild-type HXBc2 envelope glycoproteins following incubation on ice or at room
temperature (r.t.) for 50 h in the presence of the indicated concentrations of NBD-556. (E) Viruses with the wild-type HXBc2 envelope
glycoproteins were incubated on ice in the absence or presence of sCD4 (0.1 �g/ml), and the infectivities were measured. (F) Relative infectivities
of viruses with the YU2 envelope glycoproteins following incubation on ice in the absence (control) or presence of 100 �M NBD-556 or 1 �g/ml
sCD4. The means and standard deviations from three independent experiments performed in triplicate are shown.
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viral genome allow this heat resistance, consistent with previ-
ous suggestions that, at a minimum, the RT and envelope
glycoproteins of HIV-1 are functionally inactivated at elevated
temperatures (10, 17, 38, 64).

During the course of this work, we made the unexpected
discovery that the infectivity of the parental virus decayed
more rapidly at 0°C than at room temperature. The parental
KB9 envelope glycoproteins and those of several other HIV-1
strains as well were found to be functionally inactivated by
prolonged incubation at low temperatures. Viruses with some
primary HIV-1 envelope glycoproteins did not appear to un-
dergo cold inactivation. Although studies with a more exten-
sive panel of HIV-1 envelope glycoproteins will be required to
understand the biological significance of these differences, the
results indicate that the envelope glycoproteins constitute the
major cold-sensitive elements on at least some HIV-1 isolates.
Notably, the H66N change in the gp120 envelope glycoprotein,
which arose during the selection of heat-resistant viruses, ren-
dered HIV-1 resistant to inactivation on ice. In some envelope
glycoproteins, slight effects of the H66N change on sensitivity
to heat inactivation were noted. However, because HIV-1 moi-
eties other than the envelope glycoproteins are also inactivated
at high temperatures (6, 38), it is more challenging to assess the
effect of the H66N change on the heat sensitivity of the HIV-1
envelope glycoproteins.

Although most proteins denature after prolonged incuba-
tion at high temperatures, denaturation at temperatures near
0°C has been documented for a small, but growing, subset of
proteins (56). The basis for cold denaturation of proteins is
thought to be the formation of icelike water structures sur-
rounding exposed hydrophobic amino acid residues that, in the
native state, would be buried and contribute to stability. The
favorable enthalpy change secondary to the formation of these
water cages offsets the unfavorable entropy change, which
makes less of a contribution to the free energy change of
denaturation at lower temperatures (41, 56, 69). Of interest,
cold denaturation has been documented mainly for oligomeric
proteins and often involves weakening of intersubunit interac-
tions (18, 31, 50, 54, 56). Notably, cold denaturation is often
reversible; however, because of the high potential energy in-
herent in the unliganded HIV-1 envelope glycoprotein com-
plex, any cold-induced change in the gp120-gp41 interaction
may predispose to irreversible transitions to low-energy states.
Indeed, despite long incubation at 20 to 37°C, cold-inactivated
HIV-1 exhibited no evidence of restoration of function.

Although an asparagine residue was the only replacement
for histidine 66 selected during the generation of the temper-
ature-sensitive virus, substitution of amino acid residues with
varied characteristics at position 66 also resulted in cold resis-
tance. Histidine 66 is extremely well conserved among HIV-1
strains (Los Alamos HIV Sequence Database [http://www.hiv
.lanl.gov/content/sequence/HIV/mainpage.html]). It is coun-
terintuitive that HIV-1 strains retain histidine 66, which
contributes to temperature-sensitive inactivation of virus infec-
tivity. Although the consequences of temperature sensitivity
for the survival of HIV-1 in its natural environment are un-
known, there are no obvious advantages that would explain the
observed high degree of conservation of histidine 66. A more
satisfying rationale for this conservation arises from consider-
ation of thermodynamic, mutagenic, and structural studies of

the gp120 glycoprotein. The unliganded HIV-1 gp120 glycop-
rotein consists of an inner domain, an outer domain, and a
bridging sheet and is thought to sample multiple conforma-
tions (36, 37, 49). The binding of CD4 and NBD-556 fixes the
conformation of gp120, resulting in structuring of the inner
domain and bridging sheet (49, 61). A recently solved X-ray
crystal structure of the CD4-bound HIV-1 gp120 glycoprotein
with intact N and C termini reveals that histidine 66 is located
in a disulfide-bonded inner domain loop (layer 1) that is
thought to undergo conformational transitions as gp120 binds
CD4 (M. Pancera et al., unpublished data). Although the con-
formation of layer 1 in the unliganded envelope glycoproteins
is currently unknown, in the CD4-bound state, histidine 66
contacts a number of aromatic and hydrophobic gp120 resi-
dues in the inner domain and bridging sheet. These contacts
help to stabilize the CD4-bound state and thus contribute to
CD4 binding. Indeed, gp120 mutants with alterations in histi-
dine 66 have been shown to sample the CD4-bound confor-
mation less than the wild-type HIV-1 gp120 (A. Kassa et al.,
unpublished). Some of the amino acid substitutions for histi-
dine 66 decreased the ability of the mutant envelope glycopro-
teins to support virus infection, perhaps as a result of dimin-
ished capacity to bind CD4. The role of histidine 66 in
facilitating the transition of gp120 from an unliganded state to
the CD4-bound state provides a rationale for the high degree
of conservation of this residue in HIV-1 strains.

Why did the selection of virus for temperature stability yield
a variant envelope glycoprotein altered in its capacity to
achieve the CD4-bound conformation? This outcome implies a
relationship between HIV-1 envelope glycoprotein stability
and the CD4-bound state. Recent work has demonstrated that,
when induced on a virus that is distant from a target cell, the
CD4-bound conformation is short-lived and decays into a non-
functional state (H. Haim et al., submitted). Alteration of
histidine 66 decreases the sampling of the CD4-bound state
and thus allows the HIV-1 envelope glycoproteins to avoid this
labile state. Conversely, promoting the transition of the HIV-1
envelope glycoproteins into the CD4-bound conformation by
various means resulted in a dramatic increase in susceptibility
to cold inactivation. These results support a model in which the
CD4-bound state represents a major point of access for either
successful virus entry or irreversible decay, depending on the
availability and proximity of a suitable target cell.

Awareness of cold inactivation of HIV-1 may have practical
implications for preservation of the natural phenotypes of viral
samples. Moreover, studies that will be reported elsewhere
indicate that changes in histidine 66 can exert major effects on
HIV-1 sensitivity to some gp120-directed inhibitors, including
neutralizing antibodies (A. Kassa et al., unpublished). The
incorporation of HIV-1 gp120 glycoproteins that differ in res-
idue 66 into further structural and mechanistic studies should
provide important insights into the impact that the conforma-
tional lability of gp120 exerts on attempts to intervene in the
HIV-1 entry process.
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