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The molecular masses, carbohydrate contents, oligomeric status, and overall molecular structure of the env
glycoproteins of human immunodeficiency virus type 1-gpl20, gpl60, and gp4l-have been determined by
quantitative electron microscopy. Using purified gpl60s, a water-soluble form of env purified from a
recombinant vaccinia virus expression system, we have measured the masses of several hundred individual
molecules by dark-field scanning transmission electron microscopy. When combined with sequence-based
information, these mass measurements establish that gpl60s is a dimer of subunits with an average monomer
mass of 123 kDa, of which -32 kDa is carbohydrate and 91 kDa is protein. Similarly, gpl20 was found to be
a monomer of 89 kDa and to contain virtually all of env's glycosylation. gp41 is glycosylated only slightly, if at
all, and is responsible for the interactions that stabilize the gpl60s dimer. A molecular mass map of gpl60s
derived by image processing depicts an asymmetric dumbbell whose two domains have masses of -173 and -73
kDa, corresponding to a gpl20 dimer and a gp4l dimer, respectively. We infer that the average monomer mass
of native gpl60 is 125 kDa and that in situ, env is either a dimer or a tetramer but is most unlikely to be a
trimer.

The envelope (env) glycoprotein of human immunodefi-
ciency virus type 1 (HIV-1) plays a central role in the
transmission and in the pathogenicity of AIDS (2). This
protein is initially synthesized as a precursor with a nominal
mass of 160 kDa (gpl60), which is subsequently cleaved to
its gpl20 and gp4l moieties (1, 8, 25, 31). gp4l contains the
cytoplasmic and transmembrane portion(s) of gpl60,
whereas gpl20 constitutes its external domain(s) (3). In
infected cells, interactions between gp4l and other viral
constituents are implicated in the budding event of the final
phase of viral assembly. Specific sites on gpl20 bind to the
CD4 receptor protein which is present on the surface of
helper T lymphocytes, macrophages, and other susceptible
cells (6), thus determining the tissue selectivity for viral
infection. This binding facilitates the uptake of the virus
particle by fusion of its envelope with the host cell mem-
brane, another function mediated by the env glycoproteins
(34). Neutralizing antibodies against HIV have been found to
be directed against epitopes on both gpl20 and gp4l (7, 18,
24).

In view of its involvement in these important viral func-
tions, knowledge of the structure of the HIV envelope
glycoprotein is central to an understanding of viral patho-
genesis and infectivity at the molecular level. Although its
primary sequence is now known for many strains ofHIV (27,
40), knowledge of env's molecular structure remains scanty.
The monomer molecular weights of gpl60 and gpl20 are
nominal values assigned on the basis of their electrophoretic
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mobilities in denaturing gels and, in both cases, greatly
exceed the values predicted from their cDNA sequences.
Moreover, these molecules are known to be heavily-and
perhaps variably-glycosylated (17, 26), and a protein's
electrophoretic mobility may be substantially changed by the
covalent attachment of carbohydrates. Similarly, the oligo-
meric status of HIV-1 env has been in doubt, monomers (30),
dimers (9), trimers (10, 15, 43), and tetramers (9, 29, 32)
having been advocated by different investigators.
The goal of this study has been to use quantitative

scanning transihission electron microscopy (STEM) (42) to
effect an unambiguous determination of the molecular
weights of gpl60 and gpl20. The physical basis of this
method is the elastic scattering of electrons by the compo-
nent atoms of the scanned molecules. Unstained molecules
yield a dark-field signal that is proportional to their local
mass density. Accordingly, after subtraction of the back-
ground contributed by the carbon support film, integration of
the image density associated with a given particle yields its
mass, when calibrated against a reference specimen of
known molecular weight. When sequence-derived informa-
tion on the monomer's molecular weight is taken into
account, STEM measurements of molecules' masses allow
their oligomeric character to be determined. Similarly, the
carbohydrate contents of glycoproteins may be deduced.
Image processing of the STEM micrographs allows the
spatial distribution of mass within the particle to be de-
scribed (35, 42). From such two-dimensional mass maps, the
masses of specific features may be calculated. Here, we
report the application of these techniques to purified gpl60s
and gpl20. The STEM mass map is also compared with the
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corresponding image derived by conventional negative-
staining electron microscopy.

MATERIALS AND METHODS

Production and purification of env glycoproteins. gpl60s is
a derivative of the env glycoprotein of the LAV/BRU strain
of HIV-1 (40), from which both its cleavage site and the most
hydrophobic segment (Phe-690 to Val-710) in the gp4l seg-
ment of the molecule have been deleted (20). gpl60s secreted
from BHK-21 cells infected with a recombinant vaccinia
virus was purified by gel filtration and lentil lectin affinity
chromatography (20), followed by reverse-phase high-pres-
sure liquid chromatography (7a). Purity was higher than 90%
as assessed from the chromatography elution profile.
STEM. STEM was performed at the Brookhaven Re-

source (41). In a typical experiment, an aliquot from the
original sample (4.3 mg of protein per ml in phosphate-
buffered saline) was diluted 250x into 10 mM ammonium
acetate (pH 7.5) and then dialyzed for 2 h against the same
buffer. A 5-pi sample was then injected into a drop of buffer
previously applied to a carbon film mounted on a microscope
grid and allowed to absorb for 1 min. Tobacco mosaic virus
(TMV) was added, and the grid was washed three times with
10 mM ammonium acetate (pH 7.5) and then freeze-dried at
a constant sublimation rate over a period of 6 to 8 h. During
observation, the specimens were maintained at - 150°C on a
liquid N2-cooled stage. Images were recorded directly in
digital form.

Conventional transmission electron microscopy. For nega-
tive staining, proteins were diluted to 20 ,ug/ml and then
dialyzed against 10 mM ammonium acetate (pH 7.5) for 2 h.
Typically, a drop was then applied to a thin carbon film
mounted on a fenestrated thick carbon film on a microscope
grid, washed three times with 10 mM ammonium acetate (pH
7.5), and stained with a 1% solution of uranyl acetate.
Images were recorded on a Zeiss EM902 electron micro-
scope at a nominal magnification of x 30,000 under low-dose
conditions.
Computer image processing. From the STEM data, the

masses of many individual particles were determined by
integration of the cumulative density in appropriate subareas
of the micrographs (35, 41). Conventional transmission elec-
tron micrographs of areas showing a suitable coverage of
molecules in a continuous stain layer were checked for
microscopic quality by optical diffraction and then digitized
by using a Perkin-Elmer 1010MG microdensitometer, at a
scan rate corresponding to 0.6 nm at the specimen. These
images were analyzed on a VAX 8350 computer running the
PIC software system (38). Particles adjudged by visual
criteria to be of morphotype A (approximately 30% of all
particles) were aligned by correlation methods (35, 37). After
alignment and before averaging, the data set was screened to
eliminate statistically anomalous particles (found to be 15 to
20% of the total) by means of the OMO algorithm (39). The
averaged STEM image was produced in essentially the same
way except that with these data, compensation was also
made for the sparse sampling of the specimen by the finely
focused STEM probe (35).

Experimental uncertainty. (i) Random errors. The random
errors implicit in STEM mass determinations have been
analyzed in depth (41, 42). The margin of error decreases as
the specimen mass increases, and it is expected to be in the
range of ±+13% (standard deviation) for molecules in the
100-kDa mass range and +7% for 250-kDa particles, under
the conditions (film thickness, electron dose, and area inte-

grated) applicable to our measurements. In practice, the
dispersions of sets of multiple measurements tend to be
larger than this treatment predicts. For this reason, in Table
1 we have reported standard deviations, as well as standard
errors of the mean, as indicators of experimental uncer-
tainty.

(ii) Systematic errors. Of the potential sources of system-
atic error, the most likely are incomplete washing of the
specimen (residual salts would increase its apparent mass)
and mass loss through radiation damage (decreasing its
apparent mass). The presence of residual salt manifests itself
in STEM micrographs as a visibly nonuniform background in
the vicinity of the specimen. No such contamination was
observed around the env protein molecules whose analysis is
reported.
With regard to mass loss, all proteins lose mass at the

same rate when irradiated by 40-keV electrons (41). Since
TMV (which is 95% protein) was used for calibration, and it
loses mass at the same rate as the specimen, radiation-
induced mass loss should result in an increased random
error, not a systematic error, where proteins are concerned.
In any case, under the conditions used in our experiments,
viz., -150°C specimen temperature and electron doses of 2
to 5 electrons per 0.01 nm2, mass loss from protein is very
small, 1 to 2% at most (42).
Concerning glycoproteins, current evidence suggests that

their carbohydrate moieties may be somewhat, but not
drastically, more susceptible to mass loss than their poly-
peptide moieties (40a). Taking a fivefold difference in vola-
tility as a reasonable upper limit, we may calculate what the
resulting bias in STEM mass measurements of glycoproteins
would be. With electron doses that cause 1.5% mass loss
from polypeptides and with TMV for calibration, the STEM-
derived mass would be low by 1.5% for a glycoprotein that is
25% carbohydrate by mass and by 3% for one that is 50%
carbohydrate.

RESULTS

STEM of unstained env glycoproteins. Our experiments
used a recombinant form of gpl60 (gpl60s) expressed in
mammalian cells. gpl60s was rendered water soluble by the
deletion of a highly hydrophobic sequence of 21 residues
from gp4l and was rendered resistant to gpl20 conversion by
modification of the cleavage site (20). A typical dark-field
STEM image of the purified protein is shown in Fig. 1. The
particles' dimensions are fairly uniform, of the order of 15 to
20 nm, but they exhibit considerable morphological varia-
tion. We have operationally defined five classes (morpho-
types), of which representative galleries are shown in Fig. 2.
The most frequently occurring class, morphotype A, ac-
counting for 25 to 30% of all particles, has a bilobed,
somewhat elongated appearance (Fig. 2A). Three other
morphotypes are B (elongated, but not evidently bipartite),
C (trilobed), and D (relatively compact and globular) (Fig.
2B to D). The fifth class is more diverse and consists of those
particles that do not conform to the criteria that define the
four specific morphotypes.

Individual particle masses were determined for several
hundred gpl60s molecules by two-dimensional integration of
the image densities. The global distribution is shown in Fig.
3a. The overwhelming majority of particles (>90%) com-
prise a homnogeneous population that averages 246 kDa
(Table 1). In addition, there is a minority component at about
120 to 135 kDa (e.g., Fig. 2A, +), and a few particles have
higher molecular masses. When the mass distributions of
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FIG. 1. Dark-field STEM micrograph of gpl60s molecules, visu-
alized unstained after freeze-drying. The dense rods are TMV
particles, used as an internal mass standard (42). Bar = 50 nm.

morphotypes A to D are considered separately, they are
found to be indistinguishable, all averaging -250 kDa. Thus
we conclude that the various morphotypes do not represent
different oligomeric states of gpl60s, as might have been
hypothesized a priori on the grounds of the monolobed,
bilobed, and trilobed appearances of morphotypes D, A, and
C, respectively; rather, they represent different views or,
possibly, different conformations or states of preservation of
the same molecule. The few particles with higher molecular
masses almost all belong to the morphologically heteroge-
neous class E and presumably represent either higher-order
aggregates or contaminants.

Similar analyses were performed with purified gpl20 pro-
duced in the same recombinant vaccinia virus expression
system (20). In our STEM images, these particles were
globular in appearance and 8 to 10 nm in diameter and
showed no evident indications of substructure (data not
shown). The resulting distribution of particle masses is
unimodal, averaging 89 kDa (Fig. 3b; Table 1).
For comparison, we also performed STEM mass measure-

ments on a preparation of gpl20 purchased from Micro-
Genesys Inc., West Haven, Conn. (gpl20M), which had
been expressed in a recombinant baculovirus system. The
resulting data yielded a multicomponent distribution, corre-
sponding to subunits of 90 kDa and multiples thereof. Since
both forms of gp120 studied had the same monomer mass,
we conclude that the two proteins had undergone similar
patterns of glycosylation, despite their different origins
(gp120 was expressed in mammalian cells, and gpl20M was
expressed in insect cells). That the gpl20M which we
analyzed were not homogeneously in a single oligomeric
state may reflect differences between the respective purifi-
cation procedures, expression systems, or molecular de-
signs.

Molecular structure of gpl60s. Closer examination of mor-
photype A particles (Fig. 2a) indicates that their two lobes
are generally unequal. This aspect becomes clearer in the
noise-suppressed representation obtained by correlation av-
eraging (Fig. 4a). From this mass map, the partitioning of the

CI

D

FIG. 2. Galleries of various morphological classes of particles
visualized in dark-field STEM micrographs of unstained, freeze-
dried preparations of gpl60s. Panels A to D show representatives of
morphotypes A to D, respectively. The masses of these particles are
all in the vicinity of 250 kDa, except for the particles marked with a
plus sign in panel A, which are about 125 kDa. Bar = 20 nm.

total molecular mass between the two domains may be
determined: they contain -173 and -73 kDa, respectively.
The large domain is oblate in shape, with a width of 12 nm
and a height of 9 nm. The smaller domain is approximately
spherical and 8 nm in diameter.

In negative stain, the gpl60s molecules are also quite
heterogeneous in appearance (data not shown), but subpop-
ulations corresponding to the major morphotypes detected in
the STEM data may be readily identified. Correlation aver-
aging was also performed on these data. The resulting image
of morphotype A particles largely confirms the morphology
revealed in the STEM image derived from unstained, freeze-
dried molecules (cf. Fig. 4a and b). The length of the
molecule is quite consistent in these two images, but the
major lobe is somewhat narrower in the negatively stained
representation.
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FIG. 3. Histograms of particles mass measurements determined
for gpl60s (a) and gp120 (b). The curve in panel b represents the sum
of two Gaussian components, whose means are marked (arrows).

DISCUSSION

Molecular masses of gpl60 and gpl20. STEM possesses
unique advantages for the direct determination of molecular
masses of macromolecules in situations in which polydisper-
sity, asymmetric or elongated shape, or paucity of experi-
mental material may compromise or invalidate other exper-
imental procedures (12, 41). The procedure has been
validated by results obtained for numerous oligomeric and
polymeric proteins (reviewed in references 12 and 42).
Perhaps the best-characterized test specimen to date is the
glutamine synthetase dodecamer from Escherichia coli,
whose mass was determined as 626 + 27 (standard deviation)
kDa by STEM (23) and whose sequence-derived molecular
mass was subsequently determined to be 12 x 51.782 kDa =

621.384 kDa (5, 44). There have been fewer analyses as yet
of proteins that are substantially glycosylated. However,
since the electron scattering characteristics of polysaccha-
rides are very similar to those of protein, the method should
be equally applicable to glycoproteins (11). The best-docu-
mented application so far is clotting factor V (20 to 25%
carbohydrate) (28), for which the STEM results are in good
agreement with earlier hydrodynamic data and with se-
quence-derived information on the molecular mass.
The STEM determination yields a value of 123 kDa for the

average monomer mass of gpl60s and a value of 89 kDa for
gpl20. The monomer mass of native gpl60 should be slightly

TABLE 1. Mass species present in preparations of purified env

glycoproteins of HIV-1 as determined by STEM analysisa

Molecular mass (kDa) Fraction

Average SD SEM (% of measurements)

gpl60s (n = 233) 246 +40 ±3 94
135 ±43 ±10 6

gpl20 (n = 274) 89 ±22 ±2 100
a In each case, the complete set of individual mass measurements was

histogrammed (Fig. 3), and the resulting distributions were then described by
a Gaussian curve, or a sum of two such curves, whose parameters (mean,
standard deviation, and amplitude) were determined by means of a general-
ized least-squares fit (36).

FIG. 4. Computer-averaged representations of gp160s as un-
stained, freeze-dried in STEM (a) and after negative staining and
visualized by conventional bright-field transmission electron micros-
copy (b). There is good overall agreement between the respective
representations of the molecule. The distinction in size between the
major and minor domains is somewhat less pronounced in negative
stain, which probably reflects less efficient stain exclusion by the
carbohydrate moieties. Bar = 20 nm.

greater than that of gpl60s, by the amount corresponding to
the deletion, i.e., an additional 2.1 kDa of polypeptide,
giving a total mass of 125 kDa. There are no potential
glycosylation sites in the deleted segment to which addi-
tional carbohydrates could be attached. These molecular
masses are considerably lower than the nominal values that
were assigned on the basis of electrophoretic mobility. A
systematic trend of sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis to underestimate the molecular
weights of heavily glycosylated proteins has previously been
noted (4, 21, 33). This effect has been attributed to the failure
of carbohydrate to bind SDS stoichiometrically with the
protein (33).

Oligomeric status of gpl6Os and gpl20. Calculated from
their respective amino acid sequences, the polypeptide
chains corresponding to gpl60s and gpl20 have molecular
masses of 91 and 54 kDa, respectively. The molecular mass
of gpl60s, at 246 kDa, would be insufficient for a trimer,
even in the absence of any glycosylation. We conclude that
it is a dimer of 123-kDa subunits, each of which contains -32
kDa of carbohydrates, in addition to 91 kDa of protein.
Unlike the only other possibility-that gpl60s is a mono-
mer-interpretation of the 246-kDa particle as a dimer uni-
fies all of our observations in a straightforward and self-
consistent way. In particular, the minority of particles at 120
to 140 kDa (e.g., Fig. 2A, +) represent dissociated subunits
but cannot be accounted for by the monomer scenario.

env glycoproteins have been the subject of a number of
studies using ultracentrifugation (9, 10), gel electrophoresis
(29, 30, 43) in conjunction with chemical cross-linking (32),
and conventional electron microscopy (15), leading to con-
flicting conclusions with respect to molecular stoichiometry.
Qualitatively our findings are in agreement with the conclu-
sions of Earl et al. (9), who studied broad env-containing
peaks on sucrose gradients loaded with detergent extracts
from infected cells. Quantitatively, however, we note that
their deduction of a dimer from the sedimentation coefficient
(10.8S) is predicated on the assumption of a monomer
molecular mass of 160 kDa for gpl60. If this calculation is
repeated using instead the value of 125 kDa determined in
this study, it corresponds to a stoichiometry of 2.5 subunits,
consistent with either a dimer or a trimer.

Implications for native gpl60. Although our data show
quite clearly that gpl60s is a dimer, they do not rule out the
possibility that gpl60 forms a tetramer, i.e., a double dimer,
in situ (32). Either the deletion of the hydrophobic segment

a i gpl6Os

100 200 300 .400 I
100 280 300 400 kDa
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from gp4l in gpl60s or the purification procedure may have
affected the protein's tendency to oligomerize further. How-
ever, whereas there are documented cases of mutants of
oligomeric proteins that fail to oligomerize (e.g., reference
16), we are not aware of any mutants that form a well-defined
oligomer with the incorrect number of subunits. (We distin-
guish here between partial oligomerization, i.e., an assembly
intermediate, and formation of an oligomer of a different
order, with no evident role as a discreet subassembly.
Polymerization into higher-order structures, for which there
are many examples of polymorphism resulting from misas-
sembly, is a different matter!) On this basis, we consider it
very unlikely that gpl60 is a trimer in situ.
Mutant strains of HIV-1 in which cleavage of gpl60 is

suppressed remain competent for viral assembly, but the
resulting particles are noninfectious, being deficient in fuso-
genicity and having a diminished affinity for the CD4 recep-
tor (19, 20). It may be that cleavage of gpl60 induces a
conformational change that is required for these functions.
However, any such change does not appear to affect the
gross morphology of the glycoprotein, since the oblate shape
and dimensions of the major domain of our gpl60s dimer
(Fig. 4a) match quite well those of HIV-1 spikes visualized in
thin sections of virus particles (14) (and which presumably
represent gpl20 since cleavage precedes delivery of the
protein to the cell surface). HIV-1 spikes are distinctly
oblate (14), in contrast to the radially extended spikes of
many other viral envelopes. However, the uncertainty im-
plicit in dimensional measurements from such images does
not allow one to use them to settle the question of whether
the spike is a dimer or a tetramer in situ.
Carbohydrate contents of gpl60, gpl20, and gp4l. gpl20

purified from our expression system (20) consists exclusively
of monomers made up of 54 kDa of protein and 35 kDa of
carbohydrates, essentially the same amount that is present
on gpl60s itself. Subtraction of the measured mass of gpl20
from that of gpl60s gives a monomer mass of 34 kDa for
gp4l, in good agreement with the value calculated from its
sequence (-37 kDa). The margin of error in the mass
measurements (Table 1; see Materials and Methods) does
not rule out the possibility that gp4l may be slightly glyco-
sylated, and it has recently been reported that exposure of
gp4l to deglycosylation treatment results in a slightly altered
electrophoretic mobility (13). However, our data indicate
that virtually the entire carbohydrate content of gpl60s,
some 32 to 35 kDa, is located on its gpl20 moiety.

In a recent report, Leonard et al. (22) listed 24 potential
sites on gpl20 and presented evidence that all are occupied,
at least on some molecules, although they also noted that
their data were indicative of heterogeneous glycosylation.
Moreover, gpl60 and gpl20 both run as very diffuse bands
on SDS-gels, which is strongly suggestive of chemical het-
erogeneity. Most likely, this is due to variable glycosylation,
which inevitably means less than complete glycosylation.
Our estimate of 34 kDa of carbohydrate per molecule sug-
gests that, at 2 kDa per chain, on average, about 17 of 24
(71%) are occupied, and somewhat fewer when complex
carbohydrates are taken into account. Bearing in mind that
the recombinant gpl20 of Leonard et al. (22) was produced
in CHO cells and ours was produced in BHK cells (and could
therefore have undergone somewhat different glycosylation
patterns), there is no evident contradiction between the two
lines of evidence.
Domainal divisions and intersubunit interactions in gpl60.

Our mass data are consistent with the interpretation of the

: A:

gpl 60 I
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FIG. 5. Diagram indicating how the various morphological
classes of particle detected by electron microscopy of purified gpl60
and gpl20 may be produced as different views, or decomposition
products of a dimeric gpl60 molecule. In D, the arrow indicates that
the molecule is viewed from above, from which direction it projects
a globular shape. A, D, and C correspond to the morphotypes
observed, as illustrated in Fig. 2.

major domain of gpl60s (-173 kDa) as a dimer of gpl20 and
its minor domain (-73 kDa) as a dimer of gp4l. The dimeric
nature of gpl60s is further suggested by the presence in the
averaged negatively stained image of a faint striation that
bisects the molecule along its long axis (Fig. 4b). Moreover,
the monomeric state of isolated gpl20 indicates that in the
gpl60s dimer, the gpl20 subunits are less stably associated
than are the gp4l subunits. Thus, our data strongly suggest
that the interactions between gp4l subunits are primarily
responsible for stabilizing the gpl60 dimer, and they corrob-
orate earlier evidence to this effect (9, 29).
Moreover, this property provides a plausible explanation

for gpl60s particles of morphotype C as molecules in which
the two gpl20 domains have separated but remain linked by
their gp4l domains, resulting in three domains of approxi-
mately equal size (Fig. 2C). How the gpl60 dimer may give
rise to the various morphological entities observed is shown
schematically in Fig. 5. Morphotype D most likely repre-
sents particles viewed approximately parallel to their long
axis, and morphotype B most likely represents particles in
which the division between the major and minor domains is
not well visualized.
The major lobe of gpl60s, which we have interpreted as a

dimer of gpl20, appears narrower in negative stain (Fig. 4).
Possibly, this may signify less efficient exclusion of stain by
their carbohydrate moieties, which would imply that the
glycosylation is concentrated primarily around the sides of
these molecules and not at their distal ends or the intersub-
unit interface.

In conclusion, the mass map and the consistent negatively
stained projection defined here for the gpl60s dimer (Fig. 4a)
provide a molecular projection which should serve as a
frame of reference for further, more detailed structural
studies based on electron microscopy and digital image
processing. In particular, comparative studies of gpl60s
complexed with soluble CD4 or antibodies of defined spec-
ificity should allow determination of the relative positions of
functionally important sites and antigens in the overall
complex.
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