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Stocks of simian immunodeficiency virus (SIV) from the supernatants of infected cell cultures were used to
examine the sensitivity of envelope glycoprotein gp120 to enzymatic deglycosylation and the effects of enzyme
treatment on infectivity. Sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and Western blot
analysis revealed little or no change in the mobility of virion-associated gp120 after digestion with high con-
centrations of N-glycosidase F, endoglycosidase F, endoglycosidase H, and endo-b-galactosidase. Soluble
gp120, which was not pelletable after the enzymatic reaction, was sensitive to digestion by the same enzymes
within the same reaction mix and was only slightly less sensitive than gp120 that had been completely dena-
tured by boiling in the presence of SDS and b-mercaptoethanol. Digestion by three of the seven glycosidases
tested significantly changed the infectivity titer compared to that of mock-treated virus. Digestion by endo-b-
galactosidase increased infectivity titers by about 2.5-fold, and neuraminidase from Newcastle disease virus
typically increased infectivity titers by 8-fold. Most or all of the increase in infectivity titer resulting from
treatment with neuraminidase could be accounted for by effects on the virus, not the cells; SIV produced in the
presence of the sialic acid analog 2,3-dehydro-2-deoxy-N-acetylneuraminic acid also exhibited increased infec-
tivity, and the effects could not be duplicated by neuraminidase treatment of cells. Digestion with mannosidase
reduced infectivity by fivefold. Our results indicate that carbohydrates on native oligomeric gp120 as it exists
on the surface of virus particles are largely occluded and are refractory to digestion by glycosidases. Further-
more, the sialic acid residues at the ends of carbohydrate side chains significantly reduce the inherent
infectivity of SIV.

The envelope proteins of the primate lentiviruses are heavily
glycosylated, with over half of the apparent molecular weight
of the external glycoprotein, gp120, contributed by carbohy-
drates (13, 17, 22, 26, 30). N-linked glycosylation of gp120 is
added cotranslationally in the endoplasmic reticulum of the
cell and is modified as the protein transits through the golgi
(21). Various enzymes trim or add sugar residues to the core
carbohydrates to form high-mannose, hybrid or complex oli-
gosaccharide chains (21). In addition, it has been shown that
gp120 is further modified by a high degree of sialylation, re-
sulting in an acidic isoelectric point because of the net negative
charge of sialic acid (18, 36).

Glycosylation contributes to proper folding of the envelope
protein (10, 14, 20). Other studies have demonstrated that it is
the overall degree of glycosylation, rather than individual sites,
that is important for proper folding (23, 35, 42). Most of the
N-linked glycosylation sites can be removed individually with-
out markedly affecting envelope function (3, 23, 35). A number
of studies have pointed out that modification of the carbohy-
drate composition on the viral surface can alter infectivity (11,
18, 32–34, 40, 41, 44, 47). Most prominently, Hu et al. (18) have
demonstrated that the degree of virion sialylation affects hu-
man immunodeficiency virus type 1 (HIV-1) infectivity.

Previous studies have demonstrated that N-linked carbohy-
drates on the surface glycoprotein gp120 of the simian immu-
nodeficiency virus (SIV) strain SIVmac can help to shield the
virus from antibody recognition (37, 43). Continuing studies
that utilize a mutagenic approach will likely provide useful
information of a fundamental nature on the contribution of
specific carbohydrate attachment sites to the evasion of anti-
body recognition. More practically, further studies may also
lead to improvements in the immunogenicity of envelope-
based vaccines for HIV. In our present studies, we have ex-
tended previously published observations of the effects of gly-
cosidases by examining a larger panel of glycosidases and their
effects on soluble and particle-bound gp120. In addition, en-
zyme-treated virus stocks were analyzed for changes in infec-
tivity and sensitivity to neutralization.

MATERIALS AND METHODS

Monoclonal antibodies. The anti-SIVmac gp120 monoclonal antibodies KK43,
KK52, and KK54 were the gift of Karen Kent (National Institute for Biological
Standards and Control, Potters Bar, Hertfordshire, United Kingdom). Horse-
radish peroxidase-conjugated goat anti-mouse immunoglobulin G (IgG) anti-
body for Western blot detection was purchased from Pierce (Rockford, Ill.).

Cells. Human CD41 CEM3174 (National Institutes of Health AIDS Re-
search and Reference Reagent Program, Rockville, Md.) and CEM3174 SIV-
SEAP (29) cells were grown in RPMI 1640 medium supplemented with 10% fetal
calf serum (FCS). The immortalized rhesus macaque peripheral blood mononu-
clear cell (PBMC) line, 221 cells, was maintained in RPMI 1640 supplemented
with 10% FCS and 5% interleukin-2.

Glycosidase treatment. Digestions of SIVmac239 and SIVmac316 were carried
out in a total volume of 300 ml of RPMI 1640 containing 60 ng of virus p27 and
various deglycosylating enzymes. For digestion with N-glycosidase F (NgF) (Cal-
biochem, La Jolla, Calif.), 4 U of enzyme was used; for N-glycosidase A (Cal-
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biochem), 1 mU was used; for a-mannosidase (Calbiochem), 400 mU was used;
for endoglycosidase F (eF) (Calbiochem), 400 mU was used; for endoglycosidase
H (Calbiochem), 8 mU was used; for endo-b-galactosidase (Calbiochem), 8 mU
was used; and for a2-3,6-neuraminidase, a2-3,8-neuraminidase (from Newcastle
disease virus [NDV]), a2-3,6,8-neuraminidase, and a2-3,6,8,9-neuraminidase
(Calbiochem), 8 mU was used. Reaction mixtures were incubated for 3 h at 37°C.
After the incubation period, 50 ml was removed and used for gel analysis as
detailed below. The remainder of the sample was diluted to 800 ml and used for
infectivity and neutralization sensitivity measurements as detailed below.

For neuraminidase treatment of cells, CEM3174 SIV-SEAP or parental
CEM3174 cells were spun down and resuspended in RPMI 1640 at 1.5 3 105

cells/ml. Neuraminidase (40 mU/ml) was added, and the cells were incubated for
6 h at 37°C. After the incubation period, the cells were washed and resuspended
in RPMI 1640 plus 10% FCS and then infected with various amounts of virus.
After 15 h, the cells were washed and distributed into 96-well plates. After
approximately 60 h, secreted engineered alkaline phosphatase (SEAP) activity
was measured using a Phosphalight kit (Tropix, Bedford, Mass.), with slight
modifications to the manufacturer’s recommendations as described previously
(29).

Infectivity assay. The virus infectivity was measured using the CEM3174
SIV-SEAP cells. A 96-well plate was set up with each row containing two
uninfected wells and two sets of five twofold dilutions of virus. To these wells, 3 3
104 CEM3174 SIV-SEAP cells were added, and the plate was transferred to a
humidified CO2 incubator at 37°C. After 60 to 72 h, the amount of SEAP activity
in the supernatant was measured as described above.

Viral pellets and immunoprecipitation. To pellet virus, 10 ng of virus was spun
for 90 min at high speed in a refrigerated microcentrifuge. Supernatant from the
viral pellets was removed and used for immunoprecipitation. To each superna-
tant, 30 ml of protein A/G (Santa Cruz Biotechnology, Santa Cruz, Calif.) and 5
ml of serum from an SIVmac239-infected rhesus macaque were added. The
samples were brought up to 1 ml in volume by addition of RPMI 1640 and
incubated with rocking at 4°C for at least 12 h. After the incubation period, the
samples were spun for 30 s at high speed. The supernatants were discarded, and
the pellets were resuspended in phosphate-buffered saline–0.05% Tween 20.
Each sample was then vortexed for 1 min and spun, and the supernatant was
removed. This washing procedure was repeated two additional times.

Digestion of SDS-treated virus by various glycosidases. Equal aliquots of
SIVmac239, containing 60 ng of p27, were subjected to high-speed centrifugation
for 90 min at 4°C. The supernatants were removed, and the pellets were resus-
pended in 7 ml of a solution containing 10% sodium dodecyl sulfate (SDS) and
1% b-mercaptoethanol. Samples were boiled for 5 min, and then 63 ml of a
solution containing 1% NP-40 and 1% b-mercaptoethanol was added. The ap-
propriate glycosidase was added, and samples were incubated at 37°C for 3 h. At
the end of the incubation period, the samples were electrophoresed in a 5%
polyacrylamide–SDS gel and subjected to Western blotting as described below.

Western blotting. Viral pellets and immunoprecipitated samples were resus-
pended in Laemmli sample buffer and boiled for 3 min. The samples were then

electrophoresed through a 5% polyacrylamide–SDS gel and transferred onto
Immobilon-P membranes (Millipore, Bedford, Mass.). The membranes were
blocked with 5% skim milk in phosphate-buffered saline–0.05% Tween 20 for
1 h. The blots were then incubated sequentially with a mixture of anti-SIVmac
gp120 antibodies KK43, KK52, and KK54 and then with horseradish peroxidase-
labeled anti-mouse IgG (Pierce). The antibodies were visualized using a Pico-
West chemiluminescence kit (Pierce) and then were either placed against film or
visualized using an LAS-1000 charge-coupled device camera (Fuji, Inc., Tokyo,
Japan).

Growth of virus in the presence of glycosidase inhibitors. Four flasks of
CEM3174 cells (106 per flask) were infected with 10 ng of SIVmac239 p27. At
6 days postinfection the cells were spun down and resuspended in RPMI 1640
plus 10% FCS containing swainsonine (58 mM) (Calbiochem), deoxygalac-
tonojirimycin (dGJ) (1 mM) (Calbiochem), 2,3-dehydro-2-deoxy-N-acetylneura-
minic acid (DANA) (1.72 mM) (Calbiochem), or no inhibitor. The medium was
completely replaced with fresh, inhibitor-containing medium every day for the
next 2 days. On the third day the cells were spun down, washed, and resuspended
in RPMI 1640 plus 10% FCS but lacking inhibitor. Cell-free viral stocks were
collected 20 h later, and the amount of p27 antigen was measured.

RESULTS

Glycosidases have little effect on the electrophoretic mobil-
ity of virion-associated gp120 of SIVmac. Stocks of SIVmac239
and SIVmac316 produced in CEM3174 cells were treated with
a number of different glycosidases. A schematic of the exper-
iments performed with each glycosidase is shown in Fig. 1.
After digestion, a portion of the treated material was micro-
centrifuged at 4°C to pellet the intact virus. The supernatant
was removed from each sample, the pellet was subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and
immunoreactive gp120 was detected by Western blotting.
Shifts in the mobility of gp120 in the pelletable material com-
pared with that for mock-treated virus were either marginal or
nondetectable (Fig. 2). Endoglycosidase H and a-mannosidase
occasionally caused a small shift in SIVmac316 gp120 (Fig. 2B,
lanes 4 and 6) but not in SIVmac239 gp120 (Fig. 2A, lanes 4
and 6). However, this slight shift was not consistently observed.

Glycosidases can change the mobility of free gp120. Non-
pelletable gp120 was immunoprecipitated from the superna-
tants of the glycosidase-treated, microcentrifuged samples de-

FIG. 1. Schematic of experimental design. Stocks of virus containing both free and virion-bound gp120 were incubated with various glycosidases. After digestion,
a portion of the virus was used to test for infectivity and neutralization sensitivity using CEM3174 SIV-SEAP cells. Another portion of the treated virus was subjected
to high-speed centrifugation. Supernatant was removed from the resulting pellet, and the gp120 within it was immunoprecipitated with sera from SIVmac239-infected
rhesus monkeys. The pellet and immunoprecipitated materials were then analyzed by SDS-PAGE and Western blotting. Ab, antibody.
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scribed above and analyzed by SDS-PAGE and Western
blotting. In this case, mobility shifts were readily apparent with
four of the seven enzymes that were tested (Fig. 3). Digestion
with eF resulted in the largest shift in mobility, producing a
diffuse band at around 69 kDa (Fig. 3, lanes 5). The diffuse
band is likely a result of either different numbers of N-linked
carbohydrates remaining on the individual gp120 molecules
due to incomplete digestion or microheterogeneity in the re-
maining carbohydrates. Endoglycosidase H digestion produced
a diffuse band at around 80 to 97 kDa (Fig. 3, lanes 6). A great-
er band width was consistently seen with SIVmac316 gp120
(Fig. 3B, lane 6, and data not shown) than with SIVmac239
gp120 (Fig. 3A, lane 6, and data not shown), reflecting differ-
ences in either carbohydrate addition or envelope folding.
Endo-b-galactosidase treatment produced only a small shift
in both SIVmac239 and SIVmac316 gp120 (Fig. 3, lanes 7).
Treatment with NgF resulted in about a 20-kDa shift that was
seen in Fig. 3, lanes 2, after longer exposure. Incubation with
NgF appeared to decrease gp120 protein stability or increase
proteolytic activity, as the amount of nonpelletable material
was always decreased after digestion compared to mock diges-
tion. This was not the result of a loss of recognition by the
antibodies used for immunoprecipitation, because SDS-boiled,
NgF-digested gp120 was efficiently precipitated (data not shown).
In addition, an increase in HIV-1 envelope sensitivity to pro-
teolysis after digestion with NgF has been previously reported
(38). The results in Fig. 2 and 3 indicate that the state or
structure of gp120 influenced sensitivity to digestion by glyco-
sidases. Both the pelletable and nonpelletable materials were
in the same enzymatic reaction, and only the nonpelletable

material was sensitive, while the pelletable material was refrac-
tory, to glycosidase digestion. Based on this, we next examined
the sensitivity of completely denatured gp120 to enzymatic
deglycosylation.

Denaturation increases gp120 deglycosylation. Equal amounts
of SIVmac239 virus were pelleted in a microcentrifuge, and the
supernatant was removed. The viral pellets were resuspended
in 10% SDS plus b-mercaptoethanol and boiled for 5 min. The
ionic SDS detergent was complexed by addition of an excess of
NP-40, a nonionic detergent. Glycosidase digestions were then
performed as described above, using the same amount of en-
zyme and the same incubation period. At the end of the di-
gestion, sample buffer was added and the sample was analyzed
directly by SDS-PAGE without further manipulation. Enve-
lope protein was visualized following Western blotting as
described above.

If all 24 potential N-linked glycosylation sites of SIVmac239
and SIVmac316 are used and each N-linked carbohydrate con-
tributes an average of 2.5 kDa (21), then complete deglycosy-
lation of gp120 will give an expected molecular mass of around
60 kDa. Based on these assumptions, NgF and eF removed all
or almost all of the N-linked carbohydrates present on gp120,
as evidenced by an increase in mobility to around 60 kDa (Fig.
4, lanes 2 and 5). This is a much greater shift in mobility than
was seen after treatment of the nonboiled samples with NgF,
which resulted in a weak band of about 97 kDa (Fig. 3A, lane
2). The shift caused by eF treatment of SDS-denatured gp120
was slightly greater than that caused by treatment of the non-
boiled sample (Fig. 4, lane 5, versus Fig. 3A, lane 5), and the
band was less diffuse, indicating removal of additional N-linked

FIG. 2. Mobilities of virion-associated, glycosidase-treated gp120 of SIVmac239 (A) and SIVmac316 (B). Virus stock containing 60 ng of p27 was incubated at 37°C
with one of the various glycosidases or buffer alone for 3 h. Each of the samples was then spun for 90 min at high speed in a refrigerated microcentrifuge. Supernatant
was drawn off from each sample and set aside for immunoprecipitation experiments. Each of the pellets was boiled for 5 min in loading buffer containing 10% SDS
and 1% b-mercaptoethanol. Equal amounts of each sample were then subjected to SDS-PAGE and blotted onto Immobilon-P membranes. The blots were sequentially
incubated with a mixture of anti-gp120 monoclonal antibodies (KK43, KK52, and KK54) and a horseradish peroxidase-conjugated anti-mouse IgG antibody.
Localization of the antibodies was visualized with a SuperSignal Pico West kit (Pierce) according to the manufacturer’s recommendations. Lanes: 1, mock treatment;
2, NgF-treatment; 3, N-glycosidase A treatment; 4, a-mannosidase treatment; 5, eF treatment; 6, endoglycosidase H treatment; 7, endo-b-galactosidase-treatment; 8,
neuraminidase-treatment. Numbers on the left indicate the relative positions of molecular mass markers and are shown in kilodaltons. An arrow shows the location
of gp120.

FIG. 3. Mobilities of nonpelletable, glycosidase-treated gp120 of SIVmac239 (A) and SIVmac316 (B). Supernatants from viral pellets (described in the legend to
Fig. 2) were subjected to immunoprecipitation with serum from an SIVmac239-infected rhesus macaque. The samples were then electrophoresed in a 5% polyacryl-
amide–SDS gel, transferred to a membrane, and reacted with a mixture of anti-gp120 monoclonal antibodies KK43, KK52, and KK54. Lanes: 1, mock treatment; 2,
NgF treatment; 3, N-glycosidase A treatment; 4, a-mannosidase treatment; 5, eF treatment; 6, endoglycosidase H treatment; 7, endo-b-galactosidase treatment; 8,
neuraminidase treatment. Numbers on the left indicate the relative positions of molecular mass markers (in kilodaltons).
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carbohydrates. Endo-b-galactosidase digestion also caused a
greater mobility shift in the boiled (Fig. 4, lane 7) than in the
nonboiled (Fig. 3A, lane 7) samples. The mobility of the en-
doglycosidase H-treated sample was also increased by boiling,
but the sample still migrated as a diffuse band, indicating
incomplete digestion or microheterogeneity. The a-manno-
sidase-treated sample showed a slight increase in mobility af-
ter boiling, while both N-glycosidase A- and neuraminidase-
treated samples migrated identically with or without boiling.
The lack of detectable changes in mobility after digestion with
these enzymes can be explained by the sensitivity of these
enzymes to blocking by certain terminal carbohydrate resi-
dues. Table 1 shows a summary of the expected versus ob-
served shifts in molecular mass of the virion-associated gp120,
free gp120, and SDS-denatured gp120 for each of the glycosi-
dases tested.

Glycosidase digestion can increase the infectivity of SIVmac.
After digestion of viral stock by glycosidase, a portion was
examined for changes in infectivity. Enzymatically treated and
mock-treated viruses were used to infect CEM3174 SIV-SEAP
cells. These cells secrete an engineered, placental alkaline phos-
phatase (SEAP) into the medium in response to infection by
SIV (29). The amount of SEAP secreted is in direct relation to
the amount of infecting virus and can be sensitively and rapidly
measured using a chemiluminescence assay. The results of
a representative experiment are shown in Fig. 5. For both
SIVmac239 and SIVmac316, treatment with NDV neuramin-
idase and endo-b-galactosidase resulted in an increase of
infectivity as evidenced by increased SEAP activity in the
medium of infected CEM3174 SIV-SEAP cells. NDV neur-
aminidase treatment increased SEAP activity by around 8-fold
in typical experiments but by up to 12-fold in some experi-
ments. This is similar to the increases in infectivity seen in the
experiments of Hu et al. (18). NgF, endoglycosidase H, and
eF treatments consistently increased the infectivity of both
SIVmac239 and SIVmac316, but by a smaller amount, less
than twofold (Fig. 5 and data not shown). Treatment with
a-mannosidase consistently reduced viral infectivity by four-
fold or more (Fig. 5 and data not shown). Finally, N-glycosi-
dase A treatment had little or no effect on viral infectivity (Fig.
5 and data not shown). In all cases except for neuraminidase
treatment, cell viability, examined microscopically by trypan
blue exclusion, and cell morphology were comparable to those
for cells infected with mock-treated virus (data not shown).
After infection with neuraminidase-treated virus, the cell via-
bility remained unchanged, but the cells aggregated to a slight-
ly greater degree than the cells infected with mock-treated vi-
rus. Since there was a large effect of neuraminidase treatment
on infectivity, we examined the phenomenon further.

NDV neuraminidase treatment of SIVmac239-EGFP increases
infectivity as measured by flow cytometry. SIVmac239-EGFP is a
clone of SIVmac239 that has been engineered to express the
enhanced green fluorescent protein (EGFP) in place of the nef
gene (2). This allows the number of infected cells in a culture
to be counted easily by flow cytometry. Figure 6 shows the

FIG. 4. Mobility of SIVmac239 gp120 after SDS denaturation and then gly-
cosidase treatment. Equal amounts of SIVmac239 were subjected to high-speed
centrifugation for 90 min at 4°C. The supernatant was removed, and the pellets
were resuspended in 10% SDS and 1% b-mercaptoethanol. Samples were boiled
for 5 min, and then excess NP-40 was added to complex the SDS. Samples were
digested with various glycosidases and then electrophoresed in a 5% polyacryl-
amide–SDS gel, transferred to a membrane, and reacted with a mixture of anti-
gp120 monoclonal antibodies KK43, KK52, and KK54. Antibody localization was
visualized by Western blotting as described in Materials and Methods. Lanes: 1,
mock treatment; 2, NgF treatment; 3, N-glycosidase A treatment; 4, a-manno-
sidase treatment; 5, eF treatment; 6, endoglycosidase H treatment; 7, endo-b-
galactosidase treatment; 8, neuraminidase treatment. Numbers on the left indicate
the relative positions of molecular mass markers and are shown in kilodaltons.

TABLE 1. Summary of expected and observed shifts in molecular masses of virion-associated, free, and
SDS-denatured gp120 for each of the glycosidases tested

Glycosidase Specificitya
Mobility (kDa) of: Predicted mobility (kDa) of

gp120 after complete
digestionVirion-bound gp120d Free gp120e SDS-denatured gp120f

NgF R1-GlcNAc-GlcNAcsAsnb 110–115 80 60 60h

N-glycosidase A R1-GlcNAc-GlcNAcsAsnc 120 120 120 60i

a-Mannosidase a1-2,3,6-linked mannose 115–120 115–120 115 NPj

eF R2-GlcNAcsGlcNAc-Asn 120 67–72 60g 67k

Endoglycosidase H R3-GlcNAcsGlcNAc-Asn 110 75–110 97–85 NP
Endo-b-galactosidase R4-(GlcNAc-Galb1)ns4R5 120 110 100 NP
Neuraminidase Terminal a2-3,6,8,9-Neu5Ac 120 120 120 105–91l

a The arrow indicates the site of cleavage. Asn, asparagine; Gal, galactose; Neu5Ac, N-acetylneuraminic acid; R1, high-mannose, hybrid-, or complex-form
oligosaccharides; R2, high-mannose, hybrid-, or biantennary-complex-form oligosaccharides; R3, high-mannose or hybrid-form oligosaccharides; R4, Gal or Neu5Ac-
Gal; R5, GlcNAc or Gal.

b Blocked by core fucosylation.
c Blocked by Neu5Ac.
d Mobility of pelletable, glycosidase-treated gp120 as described in the text.
e Mobility of immunoprecipitated, nonpelletable, glycosidase-treated gp120 as described in the text.
f Mobility of SDS-denatured and then glycosidase-treated gp120 as described in the text.
g The mobility of denatured, eF-treated SIVmac239 is greater than predicted because of NgF contamination, as described in the text.
h Based on the assumption that all 24 potential N-linked carbohydrates, each contributing about 2.5 kDa, are completely removed.
i Based on the assumption that all 24 potential N-linked carbohydrates, each contributing about 2.5 kDa, are completely removed.
j NP, not possible to predict.
k Based on the assumption that all 24 potential N-linked carbohydrates are removed by cleavage in the chitobiose core, removing about 2.2 kDa each.
l Based on the assumption that all 24 potential N-linked carbohydrates have two to four sialic residues, each contributing 309 Da, that are completely removed.
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results of two experiments performed with this virus. For Fig.
6A, equal amounts of virus were either mock digested or di-
gested with NgF or NDV neuraminidase. The treated viruses
were then used to infect CEM3174 cells. At various times
postinfection, cells were removed and the number of EGFP-
expressing cells was counted by flow cytometry. Over time the
quantity of EGFP-positive cells increased in each culture,
irrespective of treatment. At each time point, however, the
numbers of EGFP-positive cells in the cultures infected with
neuraminidase-treated virus were greater than those in the
other cultures, around 8- to 10-fold higher than for mock-
treated virus. Similarly, the numbers of positive cells in the
cultures infected with NgF-treated virus were about twofold
greater than the amounts in the mock-treated cultures. These
increased numbers of infected cells agree with the results of
the CEM3174 SIV-SEAP infections (Fig. 5). We performed a
similar experiment with 221 cells, a herpesvirus saimiri-trans-
formed rhesus macaque T-lymphoid cell line (1). Cells were
infected with mock-treated or neuraminidase-treated
SIVmac239-EGFP. As with CEM3174 cells, the numbers of
EGFP-positive cells were counted at various times postinfec-
tion. Throughout the course of infection, the cultures infected
with neuraminidase-treated virus had a greater number of
EGFP-positive cells than the cultures infected with mock-
treated virus. This difference, however, was only two- to three-

fold (Fig. 6B), not as great as was seen after infection of
CEM3174 cells (Fig. 6A).

Small effect of neuraminidase on susceptibility of cells to
infection. As described above, infection of cells with neuramin-
idase-treated virus resulted in a slight aggregation of the cells.
To determine whether residual neuraminidase in the inoculum
acting on cell surface proteins was responsible for the apparent
increase in viral infectivity, we performed the following exper-
iment. Cells were treated with a concentration of neuramini-
dase equal to 10 times the largest amount they would receive
during the normal infectivity assay. After a 6-h incubation, the
cells were washed in neuraminidase-free medium and imme-
diately inoculated with mock- or neuraminidase-treated virus.
After 15 h, the cells were washed to remove free virus and the
medium was replaced with neuraminidase-containing medium.
Comparison of SEAP activities from untreated cells infected
with the mock- and neuraminidase-treated viruses gave an
expected increase (sevenfold) in infectivity (Fig. 7A). Infection
of neuraminidase-treated cells with neuraminidase-treated vi-
rus gave about a fourfold increase in SEAP activity in the
medium compared with infection by mock-treated virus (Fig.
7A). Overall, neuraminidase treatment of cells increased
SEAP activity in the medium only slightly, about twofold, com-
pared with infection of untreated cells. When neuramindase-
treated virus was used to infect cells in the presence and ab-
sence of DANA, a sialic acid analog inhibitor, the majority of

FIG. 5. Infectivity of glycosidase-treated virus. After digestion with the
indicated glycosidase, SIVmac239 (A) or SIVmac316 (B) was used to infect
CEM3174 SIV-SEAP cells. Twofold dilutions of virus were added to equal
amounts of CEM3174 SIV-SEAP cells and then transferred to a 37°C CO2
incubator. At approximately 60 h postinfection, the cell-free supernatant was
harvested and the amount of SEAP expression was measured as described in
Material and Methods. The amount of SEAP expression for each dilution was
used to generate a curve from which the amount of SEAP activity per nanogram
of p27 was calculated. Panel A shows the average SEAP activity per nanogram
of p27 SIVmac239 after treatment with the indicated glycosidase, and panel B
shows infectivity of SIVmac316 after treatment with the same glycosidases. The
standard error for each experiment is indicated.

FIG. 6. Neuraminidase treatment increases the infectivity of SIVmac239-
EGFP. Equal amounts of SIVmac239-EGFP were either mock treated, treated
with neuraminidase, or treated with NgF. The treated virus was used to infect
CEM3174 cells (A) or 221 cells (B). At various time points postinfection, the
amounts of EGFP-positive cells were quantitated by flow cytometry analysis.
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the infectivity enhancement could again be accounted for by an
effect of the enzyme on the virus (Fig. 7B).

Sialic acid linked a2-3, a2-6, a2-8, and a2-9 to the viral
envelope affects infectivity. As a further exploration of the ef-
fect of sialic acid on viral infectivity, we next treated SIVmac239
with neuraminidases which differ in their ability to cleave spe-
cific sialic acid linkages. Aliquots of SIVmac239 containing 60
ng of p27 were mock treated or treated with 8 mU of a2-3,6-,
a2-3,8-, a2-3,6,8-, or a2-3,6,8,9-neuraminidase for 3 h at 37°C.
The treated virus was then tested for infectivity using the
CEM3174 SIV-SEAP cells (Fig. 8). Treatment of the virus
with a2-3,6,8,9-neuraminidase resulted in the greatest increase
in infectivity in this assay, approximately sixfold. Treatment
with a2-3,6,8-neuraminidase resulted in a diminished increase
in infectivity, only about fivefold. Digestion with a2-3,8-neur-
aminidase increased infectivity only about threefold, and treat-
ment with a2-3,6-neuraminidase did not significantly affect
viral infectivity. Overall, this experiment indicates that multiple
sialic acid residues, with different linkage specificities, influ-
ence viral infectivity enhancement; neuraminidases with in-
creasing breadth of specificities showed increasing enhance-
ment of infectivity.

Treatment with deglycosylation enzymes has little effect on
neutralization sensitivity. After treatment with each of the
glycosidases, a portion of virus was tested for a change in neu-
tralization sensitivity versus that of mock-treated virus in the
SEAP neutralization assay. Briefly, a fixed amount of each vi-

rus, 1 ng of p27/well, was added to assay plates containing two-
fold serial dilutions of sera pooled from naive or SIVmac239-
infected rhesus macaques. After a 1-h incubation, 3 3 104

CEM3174 SIV-SEAP cells were added to each well. The plates
were then transferred to a humidified, 37°C CO2 incubator.
The amount of SEAP activity in the medium was measured
approximately 60 h later. Figure 9 shows the reciprocal dilution
of the titer of serum required to neutralize 50% of the viral-

FIG. 7. Effects of neuraminidase on cells. CEM3174 SIV-SEAP cells were
treated for 6 h with 40 mU of neuraminidase, which is 10 times the largest
amount of neuraminidase present during the measurement of neuraminidase-
treated virus in the infectivity assay. These cells were then washed with neura-
minidase-free medium and infected with either mock- or neuraminidase-treated
SIVmac239. SEAP activity in the medium was assayed at approximately 60 h
postinfection as described in Materials and Methods.

FIG. 8. Differential effects of sialic acid residues linked a2-3, a2-6, or a2-8 on
viral infectivity. SIVmac239 was treated with the indicated neuraminidases as
described in Materials and Methods. The treated virus was then used to infect
CEM3174 SIV-SEAP cells, and the amount of SEAP activity was quantitated at
approximately 60 h postinfection. The standard deviation for each experiment is
indicated.

FIG. 9. Neutralization of viruses by sera from SIVmac239-infected rhesus
macaques. SIVmac239 (A) and SIVmac316 (B), treated with the indicated gly-
cosidases as described in Materials and Methods, were used as virus inocula in
SEAP neutralization assays as described in Materials and Methods. From the
neutralization curves the amount of sera, pooled from SIVmac239-infected rhe-
sus macaques, required to neutralize 50% of the virus-induced SEAP activity as
compared with nonneutralized virus was determined. These results are repre-
sentative of those from three separate experiments performed with each set of
viruses, and the standard deviations are indicated.
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ly induced SEAP activity compared with a nonneutralized
control. The neutralization sensitivity of SIVmac239 did not
change appreciably after digestion with any of the glycosidases
(Fig. 9A). In all cases the 50% neutralization titer against
the treated SIVmac239 was 1:50 6 2.5-fold, identical to that
against untreated SIVmac239. There was a slight (less than
twofold) increase in sensitivity after digestion with endoglyco-
sidase F (Fig. 9A). Treatment with a-mannosidase or N-glyco-
sidase A resulted in a decrease in neutralization sensitivity, as
evidenced by a larger amount of serum being necessary to
neutralize 50% of viral infectivity (Fig. 9A). However, this
change in sensitivity was only slight compared with untreated
SIVmac239. Digestion with neuraminidase caused the greatest
decrease in neutralization sensitivity (Fig. 9A). The neutraliza-
tion sensitivity of SIVmac316 also did not appreciably change
after digestion with the various glycosidases (Fig. 9B), although
the variation in neutralization titer was greater than that seen
with treated versus untreated SIVmac239 (Fig. 9A). Digestion
with endoglycosidase H caused a less-than-twofold increase
in neutralization sensitivity (Fig. 9B). Of the other enzymes,
only NgF decreased sensitivity by more than threefold (Fig.
9B). Like the case for SIVmac239, treatment of SIVmac316
with a-mannosidase and neuraminidase decreased neutraliza-
tion sensitivity (Fig. 9B), but not to as great an extent as for
SIVmac239 (Fig. 9A). Overall, under the conditions used in
these experiments, digestion of SIVmac by glycosidases had
little or no effect on neutralization sensitivity to sera from
SIVmac239-infected rhesus macaques.

Treatment with glycosidases alters viral sensitivity to solu-
ble CD4. Next, several of the treated viruses were tested for
changes in sensitivity to neutralization by soluble CD4 (sCD4).
Neutralization assays were set up as described above, but in-
stead of rhesus macaque sera, twofold dilutions of sCD4 were
added. The amount of sCD4 required to neutralize 50% of vi-
ral infectivity compared with that for a mock-neutralized con-
trol was calculated, and Fig. 10 shows the results of a rep-
resentative experiment. The amount of sCD4 necessary to

reduce SIVmac239 infectivity by 50% was approximately the
same for the mock-treated, NgF-treated and N-glycosidase
A-treated viruses, about 750 ng/ml (Fig. 10A). The amount
required to neutralize 50% of the infectivity of neuramini-
dase-treated SIVmac239 was almost fivefold higher, at about
3,700 ng/ml (Fig. 10A). Mock-treated SIVmac316 was much
more sensitive to neutralization by sCD4 than mock-treated
SIVmac239. Only 40 ng/ml was required to reduce mock-treat-
ed SIVmac316 viral infectivity by 50% (Fig. 10B). About four-
fold less sCD4 was required for 50% neutralization of NgF-
treated SIVmac316 (Fig. 10B). Digestion of SIVmac316 by
either N-glycosidase A or neuraminidase had no effect on neu-
tralization by sCD4.

Production of SIVmac239 in the presence of glycosidation
inhibitors alters gp120 mobility. To further examine the effects
of glycosylation on SIVmac239 infectivity and neutralization,
virus was produced in CEM3174 cells grown in the presence
of various glycosidation inhibitors. Swainsonine, a Golgi man-
nosidase inhibitor, blocks the processing of high-mannose-
form N-glycans to complex-form carbohydrates. A second in-
hibitor, dGJ, which blocks a-galactosidase activity, was also
used. Finally, virus was produced in the presence of DANA, a
sialic acid analog inhibitor. Equal amounts of virus were cen-
trifuged, and the pelleted gp120 was visualized by SDS-PAGE
and Western blotting as described above. Growth in the pres-
ence of swainsonine caused a shift in gp120 mobility compared
with virus grown in the absence of inhibitors (Fig. 11, lane 3
versus lanes 1 and 5). The inhibitors dGJ and DANA had no
effect on gp120 mobility (Fig. 11, lanes 2 and 4 versus lanes 1
and 5). However, growth in the presence of dGJ resulted in a
decrease in the amount of pelletable envelope, reflecting either
decreased protein stability or, as previously reported for N-
butyldeoxynojirimycin (11) and castanospermine (45), a de-
crease in the amount of envelope protein per virion.

Glycosidation inhibitors have slight effects on infectivity
and neutralization sensitivity of SIVmac239. Viruses grown in
the presence of the various inhibitors were next examined for
differences in infectivity. Equal amounts of virus (2 ng of p27)
were used to infect CEM3174 SIV-SEAP cells. The level of

FIG. 10. Neutralization of viruses by sCD4. Neutralization of SIVmac239
(A) or SIVmac316 (B) was tested as described in the legend to Fig. 9, using sCD4
instead of macaque sera to neutralize viral infectivity. The concentration of sCD4
required to reduce SIVmac239- or SIVmac316-induced SEAP activity by 50% is
shown. These results are representative of those from three separate experiments
performed with each set of viruses, and the standard deviations are indicated.

FIG. 11. Mobility of gp120 from SIVmac239 grown in the presence of gly-
cosylation inhibitors. CEM3174 cells were infected with equal amounts of
SIVmac239. At 6 days postinfection, medium alone or medium containing dGJ
(1 mM), swainsonine (50 mM), or DANA (1.72 mM) was added to the cultures.
The medium was completely replaced with fresh inhibitor-containing medium
every 24 h for 3 days. At 10 days postinfection, the cells were washed and
resuspended in medium without inhibitor. Cell-free virus stocks were collected
24 h later, and the amount of p27 antigen was quantitated by enzyme-linked
immunosorbent assay. Equal amounts of each virus were spun for 90 min at high
speed in a microcentrifuge. The supernatant was removed, and gp120 was elec-
trophoresed and visualized as described in the legend to Fig. 2. Lanes: 1 and 5,
mock treatment; 2, dGJ treatment; 3, swainsonine treatment; 4, DANA treat-
ment.
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SEAP activity was measured at 60 h postinfection. Virus pro-
duced in the presence of DANA was about twofold more
infectious per nanogram of p27 Gag antigen than the untreat-
ed virus (Fig. 12A). Virus subjected to any of the other treat-
ments had essentially unchanged infectivity compared with un-
treated virus (Fig. 12A). These viruses were next tested for
sensitivity to sera pooled from SIVmac239-infected rhesus ma-
caques. Swainsonine-treated and DANA-treated viruses both
showed slight increases in neutralization sensitivity that are
likely not significant (Fig. 12B). Thus, while changes in carbo-
hydrate addition caused by DANA had effects on infectivity,
the changes in glycosylation caused by growth in the presence
of the other two glycosylation inhibitors had little effect on viral
properties.

DISCUSSION

A variety of activities have been attributed to the carbo-
hydrate side chains of SIV envelope. In this study, we have
examined the accessibility of N-linked glycans, their role in
viral infectivity, and their effects on neutralization. Virus was
digested with a variety of glycosidases and then tested for
phenotypic changes by SDS-PAGE analysis and in SEAP re-
porter gene assays. Our studies show that in the context of the
viral particle, gp120 that is presumably in oligomeric form is
largely occluded from digestion by a number of endo- and
exoglycosidases (Fig. 2). Both SIVmac239 and SIVmac316

demonstrated this resistance to digestion. This was not simply
due to an inability of any of the enzymes to recognize N-
glycans on the envelope proteins of these two viruses. This was
shown by examining nonpelletable, presumably monomeric,
gp120 present in the same reactions for changes in mobility
(Fig. 3). Several of the enzymes, i.e., NgF, a-mannosidase, eF,
endoglycosidase H, and endo-b-galactosidase, caused changes
in the mobility of the monomeric gp120. This demonstrates
that the enzymes used were capable of removing glycans from
both envelope proteins. This also suggests that there is greater
exposure of the N-linked carbohydrates of free gp120 than of
oligomeric gp120. However, we cannot completely rule out the
possibility that removal of carbohydrate from oligomeric en-
velope on the viral surface caused gp120 to be released into the
supernatant. In parallel studies (R. E. Means, M. Li, and J.
Jung, unpublished data), a highly glycosylated envelope pro-
tein of herpesvirus saimiri, ORF51, was completely degly-
cosylated under equivalent nondenaturing conditions (data
not shown). This demonstrates that these conditions were suf-
ficient to remove N-linked carbohydrates from a membrane-
associated protein and that membrane association itself did
not prevent deglycosylation. In the presented experiments the
mobility of completely denatured gp120 shifted even more
than the mobility of nondenatured, monomeric gp120 after
digestion with the same enzymes (Fig. 4). Since the digestions
were set up to contain equivalent amounts of envelope pro-
teins and enzymes, the results in Fig. 4 also demonstrate that a
sufficient amount of enzyme was added to the digestion of the
nondenatured viral particles to remove all susceptible carbo-
hydrate side chains. The shifts in mobility seen in Fig. 4 are in
agreement with other studies of the carbohydrates of SIV
envelope (9, 24, 46).

NgF digestion of N-linked carbohydrates is blocked by the
presence of fucose on the asparagine-linked N-acetylglu-
cosamine (GlcNAc) of the chitobiose core. Digestion of the
SDS-denatured gp120 of both SIVmac239 and SIVmac316
with NgF resulted in a shift of approximately 60 kDa. This is
consistent with the removal of the majority, if not all, of the
N-linked glycosylation. Other studies have reported HIV-1,
HIV-2, and SIVsm gp120 chitobiose fucosylation (26, 27, 31),
but the results presented here suggest that fucose is either not
present or present on only a minority of SIVmac239 gp120
and SIVmac316 gp120 N-linked carbohydrates produced in
CEM3174 cells. Holschbach et al. have reported that SIVsm
gp130 produced in human H9 cells contains some core fuco-
sylation (17), so it is possible that envelope from SIVmac
grown in cells other than CEM3174 may contain chitobiose
fucosylation.

The eF used in these experiments also contained NgF activ-
ity. The mobility of denatured gp120 treated with eF and NgF
was equal to that of denatured gp120 treated with NgF alone,
while the mobility of free gp120 treated with both enzymes was
much greater than that of free gp120 treated only with NgF.
This additional shift in mobility is explained by the differ-
ence in the eF and NgF cleavage sites. NgF cleaves the bond
between the chitobiose GlcNAc and the protein asparagine,
while eF cleaves between the two chitobiose GlcNAc residues.
This slight shift in position likely allows eF easier access to its
cleavage site, even in the context of a partially native protein.

Surprisingly, even in the absence of a detectable shift in
mobility of the pelletable, virion-associated gp120 after treat-
ment with either endo-b-galactosidase or neuraminidase (Fig.
2), there was an increase in viral infectivity (Fig. 5). Neuramin-
idase removes terminal sialic acid residues from the carbohy-
drate side chains. Since sialic acid has a low molecular mass of
about 300 Da, a large number of these residues would have to

FIG. 12. Infectivity and neutralization sensitivity of SIVmac239 grown in the
presence of glycosylation inhibitors. (A) Stocks of SIVmac239 grown in the
presence of the indicated inhibitor were used to generate infectivity curves as
described in the legend to Fig. 5. The average amounts of SEAP activity induced
per nanogram of p27 of each stock from CEM3174 SIV-SEAP cells are shown,
along with the standard error from three separate experiments. (B) The same
stocks of virus were used as inocula for SEAP neutralization assays, and the 50%
reciprocal neutralization titer of pooled SIVmac239-infected rhesus macaque
sera against each stock is shown. Similar results were obtained in three separate
experiments, and the standard deviations are indicated.
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be removed to result in a detectable shift in the mobility of the
relatively large, 120-kDa gp120. However, mobility differences
were seen between mock-treated and SDS-denatured, endo-b-
galactosidase-treated gp120. This suggests that modification of
only a small number of envelope proteins present on the sur-
face of the virus is sufficient to change viral infectivity. It is also
possible that deglycosylation of virion-associated producer cell
proteins such as adhesins, which are known to play a role in
viral infectivity (7, 8, 12, 15, 16, 25, 39), contributed to the
differences in infectivity seen in these experiments.

The increased infectivity of neuraminidase-treated virus as
measured on CEM3174 SIV-SEAP cells in these experiments
is in close agreement with the fourfold enhancement of HIV-
1NL4-3 infectivity measured on MT-4 cells in the experiments
of Hu et al. (18). We confirmed that the results we observed
were not cell type or measurement system specific by mea-
suring viral infectivity for 221 cells, a rhesus T-cell line, using
SIVmac239-EGFP (Fig. 6). Increases in viral infectivity mea-
sured this way were similar to those seen in the single-cycle
SEAP reporter gene assay. The experiments presented in
our report extend previous studies by examining the effects
of a number of additional deglycosylating enzymes on both
infectivity and neutralization sensitivity. Our studies show that
neuraminidase treatment of virus also affects its sensitivity to
neutralization by sCD4 and, to a lesser extent, neutralizing
antibodies from infected animals.

Since neuraminidase-treated virus was added directly to cells
without removal of enzyme to test viral infectivity in the SEAP
assay, it was possible that the neuraminidase was acting on the
cells and not the virus to increase infectivity. Two previous
studies have shown that incubation of patient PBMCs with
neuraminidase increased the efficiency of viral isolation (44,
47). However, in those studies it was unclear whether the
effects were on PBMC or virus. We examined the effects of
pretreating cells with neuraminidase and then infecting them
with virus (Fig. 7). This treatment of cells resulted in only a
small increase in the infectivity of mock-treated virus (Fig. 5),
despite the fact that considerably larger amounts of neuramin-
idase were incubated with the cells than was used for treatment
of virus (Fig. 7).

Sialic acid can be linked to the terminal galactose of the
N-linked carbohydrate side chain either a2-3 or a2-6. In addi-
tion, sialic acid can be linked a2-8 or a2-9 to other sialic acid
residues. Because the neuraminidases used in these experi-
ments are all exosialidases, sialic acid attached a2-3 or a2-6
can be removed only if it is the terminal residue and not
blocked by additional a2-8- or a2-9-linked sialic acid residues.
The NDV neuraminidase is an a2-3,8-neuraminidase and so
could not remove sialic acid either linked a2-6 or blocked by
residues attached a2-9. In the experiment presented in Fig. 8,
neuraminidases capable of removing sialic residues added a2-
3,6 or a2-3,8 had only a slight effect on infectivity, while one
that could remove residues added a2-3,6,8 increased infectivity
to a much greater extent. This indicates that side chains linked
a2-6 or blocked from removal by a2-8-linked terminal residues
contribute to the effects of sialic acid on viral infectivity.

There are a number of possible explanations for the large
increase in infectivity resulting from neuraminidase treatment.
One previous study demonstrated that removal of sialic acid
residues from gp120 did not enhance CD4 affinity (9). How-
ever, desialylation might allow for an increased affinity or abil-
ity to bind the viral coreceptor, which could translate into
greater infectivity. Several other reports have suggested that
removal of sialic acid from HIV-1 gp120 allows the virus to
utilize galactose receptors on the cell surface for cell entry,
potentially increasing infectivity (28, 32, 34). Another possibil-

ity is that a decrease in the electrostatic charge on the surface
of the virus could allow for increased interaction between the
virus and the negatively charged cell surface. Yet another pos-
sible mechanism for the increase in infectivity could be greater
cell-to-cell spread. Greater cell aggregation was seen in cul-
tures infected with neuraminidase-treated virus than in cul-
tures infected with mock-treated virus. However, since infec-
tivity measurements were done at a time point when viral
spread would not be expected, this mechanism is unlikely. The
cell aggregation seen after neuraminidase treatment also sug-
gests the possibility that the increase in virion infectivity might
be due to deglycosylation of virion-associated producer cell
molecules that are involved in viral entry, a possibility that is
not ruled out by the present experiments.

Although these experiments demonstrated a slight decrease
in SIVmac neutralization sensitivity after neuraminidase treat-
ment, experiments with myxomavirus have demonstrated the
opposite. Increased, not decreased, sialylation decreases neu-
tralization sensitivity (19). It is possible that the conditions
used in these experiments also changed the envelope confor-
mation, leading to the decrease in neutralization sensitivity.
The fact that infectivity was increased by such a degree could
also explain this difference in the experimental results. Since
the infectivity per nanogram of p27 is higher, the molar ratio
between infectious particles and antibody is, in effect, higher.
There is an increased number of infectious viral particles per
antibody molecule; therefore, a larger amount of antibody is
needed to neutralize viral infectivity. This would also be true
for neutralization by sCD4, as is seen in Fig. 9.

What advantage might there be for a virus to decrease its in-
herent infectivity by maintaining the complement of N-linked
sugars that it carries? One possible explanation comes from
our earlier work demonstrating that N-linked carbohydrates
can affect both antibody elicitation and sensitivity to antibody-
mediated neutralization (43). Several groups have reported that
desialylation increases the antigenicity of HIV-1 gp120-derived
peptides (4–6). Viral fitness may require a balance between in-
herent infectivity and avoidance of antibody recognition. This
of course does not exclude positive effects of carbohydrates on
folding, processing, and function.
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