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Elucidating the structure of the immature HIV-1 Gag core is an important aspect of understanding the
biology of this virus. In doing so, preservation of the fragile Gag lattice is essential. In this study, the effects
of purification methods on the structural and mechanical integrity of immature HIV-1 are examined. The
results show that the morphological and mechanical properties of the virion are preserved to a signifi-
cantly higher degree by Iodixanol (OptiPrep) purification compared to the standard sucrose method. In
conclusion, these results indicate that OptiPrep instead of sucrose purification should be employed when
IV-1
tructure
mmature
ag
urification
ucrose

conducting structural studies on the HIV-1 virion.
© 2010 Elsevier B.V. All rights reserved.
ptiPrep
odixanol

Gag is the structural protein of HIV-1, which comprises the
ore of the virion and drives its assembly and budding at the
lasma membrane. HIV-1 buds as a non-infectious immature par-
icle, composed of a dense doughnut-like shell consisting of Gag,
ocated directly underneath the viral membrane. The Gag polypro-
ein includes three main structural domains – MA, CA, and NC,
hich are cleaved after budding by the viral protease to form the
ature infectious virion. The mature virus particle has a distinctly

ifferent morphology and contains a conical capsid.
Elucidating the structure of the immature virion’s Gag shell

as been the focus of several studies, as it may resolve important
uestions associated with the assembly, budding, and maturation
rocesses of HIV-1. Initially Gag was assumed to generally form a
omplete lattice beneath the viral lipid bilayer membrane. Later it
as shown that the lattice is hexagonal (Briggs et al., 2006, 2004;
ayo et al., 2003; Nermut et al., 1998), the closure of which requires
he presence of defects. Defects can either be in form of pentamers
t each of the 12 vertices yielding an icosohedral virion, like in the
ase of many viruses such as HSV, adenovirus, and bacteriophage,
r gaps in the hexagonal lattice. In the last decade, several stud-
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ies suggested that closure of the HIV shell is accomplished by the
incorporation of defects in the form of gaps of various sizes (Briggs
et al., 2009; Carlson et al., 2008; Fuller et al., 1997; Wilk et al., 2001;
Wright et al., 2007). The most recent studies used electron cryoto-
mography to estimate the size and nature of these gaps (Briggs et
al., 2009; Carlson et al., 2008; Wright et al., 2007). The first study
found the Gag shell to be ∼40% complete on average and to consist
of several patches of Gag lattice (Wright et al., 2007). Two recent
studies from the Krausslich group showed that the Gag shell has an
average completeness of ∼70% and consists of one continuous lat-
tice that contains small gaps throughout (Briggs et al., 2009; Carlson
et al., 2008). All of these studies were carried out on viruses that
were purified by pelleting through a sucrose cushion, a method
that is used commonly in the HIV field. In the past, concerns were
raised about the use of sucrose solutions to purify retroviruses due
to possible damage by osmotic shock and the need for pelleting
by ultracentrifugation. In fact, extensive damage to virus glycopro-
teins was indeed demonstrated using this method (McGrath et al.,
1978; Moennig et al., 1974). Therefore the structure of the Gag shell

of the immature HIV-1 virion in its native state remains unknown.

It has previously been reported that the Gag shell of the imma-
ture HIV-1 particle is mechanically rigid (Kol et al., 2007). This
finding is difficult to reconcile with the idea that the Gag shell is
discontinuous and has large gaps. In this study, the impact on virus
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Fig. 1. Cryo-TEM images of immature HIV-1 particles. The Gag shell in the projec-
tions of viruses purified with the sucrose method (A) is less complete than that of
N. Kol et al. / Journal of Virolo

tructure by the virus purification method is investigated. More
pecifically, it was asked if a gentler method of purification would
reserve the completeness of the immature HIV-1 shell to a higher
egree.

A comparison of the morphology and stiffness of virus particles
urified using sucrose or Iodixanol, a non-ionic density gradient
edia also known as OptiPrep was conducted. 293T cells were

ransfected with the pNL-MA/p6 vector, which produces immature
IV-1 particles (Wyma et al., 2004), using the PEI protocol (Boussif
t al., 1995). 18–20 h post-transfection, media was exchanged, and
0 ml of viral supernatant was collected after 6 h. The filtered super-
atant was split into two parts. One half was pelleted through a
-ml cushion of 20% sucrose in TNE buffer (0.15 M NaCl, 1 mM EDTA,
0 mM Tris, pH 7.6) in a SW-28 rotor (25,000 rpm, 1 h). The virus
ellet was resuspended in TNE by gentle pipetting and stored at
◦C. The other half of the filtered supernatant was pelleted onto
5-ml cushion of OptiPrep in a SW-28 rotor (21,000 rpm, 1.5 h).

he supernatant was then aspirated, leaving 2–3 ml of media above
he cushion, containing the concentrated virus, and the cushion
as then removed with a syringe. The remaining supernatant was

ombined with TNE and concentrated by centrifugal ultrafiltration
ith a MWCO of 100,000 (Vivaspin 20, Sartorius, Goettingen, Ger-
any). Virus was concentrated from 20 to 1 ml at 3000 × g and then
ashed with TNE by repeating this procedure three times. The final

olume of approximately 500 �l was removed and stored at 4 ◦C for
p to 3 weeks, during which time no changes in virus structure and
echanical properties were observed.

. Effects on virus morphology

The morphology of the purified virions was studied by exam-
ning the projections of virions using Cryo-TEM. 4 �l of virus was
eposited on a microscope grid, either Quantifoil or lacey (Electron
icroscopy Sciences, Hatfield, PA), which was soaked previously

n chloroform, and rendered hydrophilic using glow discharge. The
rids were immediately inserted into liquid ethane. Images were
cquired on a Tecnai T12 electron microscope (FEI, Hillsboro, OR)
nder low dose regime. Fig. 1A and B show representative images
rom the sucrose and OptiPrep-purified samples, respectively. At
qualitative level, it is clear that while the viruses purified using

he sucrose method typically display only a partial Gag layer, those
urified using the OptiPrep method show a much more complete

ayer, which usually runs along most, if not all of the interior of the
iral membrane.

In order to quantify the extent of this difference, the portion of
he virus circumference that had a Gag layer underneath was ana-
yzed by identifying the boundaries of the shell manually (Fig. 1
rrowheads) and calculating the percentage of completeness by
ividing this length by the overall virus circumference. The results
how that the Gag shell of viruses purified with the sucrose method
Fig. 2A) is significantly more incomplete than that of the viruses
urified using OptiPrep (Fig. 2B). While the mean coverage of the
ucrose-purified viruses was only 60 ± 18%, that of the viruses puri-
ed using the OptiPrep method was 82 ± 16% (64 particles were
nalyzed in each group with the standard deviation indicated).
oreover, there were three times as many viruses that displayed
complete shell using the OptiPrep vs. the sucrose method (33%

s. 9%). Student’s t-test showed the difference between the two
opulations to be highly significant (P < 0.0001).
. Effects on virus stiffness

To complement the structural analysis, the stiffness of immature
irus particles purified with the sucrose or the OptiPrep methods
as measured. Virus particles were attached to glass slides that
viruses purified using OptiPrep (B). The black arrowheads mark the beginning and
end of the continuous shell. White arrowheads mark a second Gag segment. Absence
of arrowheads indicates a virion with a complete shell.

were rendered hydrophobic with HMDS, and the surface of the slide
was scanned with a Bioscope AFM (Veeco, Santa-Barbara, CA) until
particles were located. The tip of the AFM was then positioned in the
center of the virion and used to compress the particle. The response
of the particle to the applied force of the AFM tip is recorded in the
form of a force–distance curve, from which the stiffness of the par-
ticle is derived according to a previously described method (Kol
et al., 2006, 2007). Pyramidal silicon nitride probes, either DNP
(K = 0.1 N/m, Veeco, Santa-Barbara) or NSC35 (K = 3–7 N/m, Micro-
masch, Tallinn, Estonia) were used. The spring constants of the
DNP probes were determined by measuring the thermal fluctua-
tions (Hutter and Bechhoefer, 1993) and of the NSC35 probes by
the method developed by Sader et al. (1999). The use of different
methods was necessary due to the low amplitude of the thermal
fluctuations of the NSC35 probes. While viruses purified using the
two methods appeared identical when imaged by the AFM, their
response to the applied force varied greatly. Virions purified using
the sucrose method were significantly softer than particles purified
using OptiPrep (0.3 ± 0.01 N/m (n = 23) and 15 ± 0.7 N/m (n = 19),
respectively). In a previous study, the stiffness of immature virus

particles was significantly reduced by removal of the viral envelope
protein (gp160). It is therefore possible that lower gp160 levels in
sucrose-purified virus particles contribute to their reduced stiff-
ness. However, Western-blot analysis of virus particles purified
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Fig. 2. The distribution of Gag shell completeness derived from Cryo-TEM images.
Virus particles purified with (A) the sucrose method had an average completeness of
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Fig. 3. Measuring the point stiffness of the Gag shell of immature HIV. A typical
force–distance curve of an immature virus purified using the OptiPrep method (A)
compared to that of a virus purified using sucrose (B). For reference, the cantilever
deflection is plotted (dashed black line). The response of the virus Gag shell in A is
linear whereas the stiffness of the shell in B gradually increases. (C) Western-blot
analysis of gp160 levels (green, Chessie-8 Ab) and capsid levels (red, anti-p24 Ab).
Unpurified virus particles are shown in lane 1 while sucrose- and OptiPrep-purified
virus particles are shown in lanes 2 and 3, respectively. Unpurified and OptiPrep-

osmotic pressure caused by sucrose or mechanical stress imposed
0% and those purified with (B) the OptiPrep method had an average completeness
f 82% (64 images of virions prepared by each method were analyzed).

sing the two methods revealed similar levels of gp160 incorpo-
ation (Fig. 3C).

Further insights into the structure of the Gag shell can be
btained from the shape of the force–distance curves. When a struc-
ured protein layer exists beneath the membrane, the resistance
f the particle to the force is approximately linear. In contrast, in
he absence of a structured layer, the particle behaves much like a
esicle, the stiffness of which increases monotonically as it is com-
ressed. In this manner, the AFM can be used as a complementary
ethod to the cryo-EM analysis to probe the completeness of the
ag shell. All the force–distance curves obtained from virus parti-
les purified by the OptiPrep method were nearly linear (Fig. 3A),
ndicating the presence of a structured Gag layer beneath the viral
nvelope. However, nearly 30% of the virus particles that were puri-
ed with the sucrose method lacked an ordered layer, as evident
y the non-linearity of their force–distance curves (Fig. 3B). Thus,
he mechanical results correlate with the cryo-EM analysis.

It should be emphasized that the variability in the amount of
amage done to the virus particles using the sucrose purification
ethods is significantly larger than that of the OptiPrep method. In
previous study (Kol et al., 2007), sucrose was used to purify viruses
nd the average stiffness of the immature virion was found to be
.15 N/m. Those viruses presumably had a more complete shell than
he sucrose-purified viruses in the current study (0.3 N/m). Never-

heless, the damage to the Gag shell in all sucrose-purified virus
articles is significantly higher than that of the OptiPrep-purified
iruses, the stiffness of which is on the average 15 N/m.
purified virus particles were concentrated via centrifugation. (For interpretation of
the references to color in the figure caption, the reader is referred to the web version
of the article.)

These results demonstrate that the purification method has a
great impact on the mechanical stiffness and the completeness of
the immature HIV-1 Gag shell. Currently it is not known which
aspect of the sucrose purification method is damaging to the virus –
on them by pelleting onto a hard surface under high centrifugal
forces. However it is clear that the OptiPrep purification method
presented in this report preserves the integrity of the immature
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IV-1 virion to a much higher degree than the conventional sucrose
urification method, and should be the method of choice for the
urpose of conducting structural studies on this virus.
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